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PREFACE. 

THK   present    attempt   to  give  an   outline    of  the    study   of 
colloidal  solutions  has  to  do   particularly    with    its    interest 
to  the  student  of  Physics.     Both  by  aim  and  necessity  the 
writer    has   kept    in      lind    the    relation    of  colloids    to    the 
development   of  Physics.      For  this  reason   rather   extended 
treatment  is  given  of  the  development  of  the  ultramicroscope 
and  the  confirmation  of  the  kinetic  theory  of  matter  afforded 
by  the  theoretical  and   experimental  study  of  the  Brownian 
movement.     When  we  come  to  deal  with  the  phenomena  of 
the   charge   possessed    b\    the  colloidal    |)article,  the   surface 
tension   between   the  particle  and  the  surrounding  medium, 
and   the   mechanism   of  coagulation,  we   approach   the   most 
important    problem    of  physics   and    chemistry,   namely,  the 
unfolding  of  the  interaction  of  the  ultimate  particles  of  matter 
on  one  another. 

The  plan    of  the    book    is    apparent    from   the   table    of 
contents.      Under  the  head  of  preparation  and  classification, 
I  have  attempted  to  offer  systematic  tables  of  various  cla.sses 
of  colloids   having   something  in  common,  and  have  quoted 
t\pes  of  methods  of  preparation  to  enable  the  reader  to  find 
out  where  to  look  for  detailed  information.      Chapters  in.  to 
VII.  inclusive  might  be  called  the  physics  of  colloidal  stud)  ; 
they  embrace  the  greater  part  of  the  book  and  will  probably 
appeal  particularly  to  the  student  of  pure  physics.      In  dealing 
with  the  question  of  the  coagulation  of  sols,  we  come  to  the 
part  of  the  subject  on  which  [)robably  the  greatest  amount  of 
work  has  been  done  and  from  which  we  maj-  expect    most 
definite  ideas  as  to  the  reason   for  the  stabilits'  of  colloidal 
solutions. 
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ClIAl'TKR   I. 

INTKOni'CriON. 

Rr.f'KNT  advances  in  many  bninchcs  of  scientific  rcscarcli  have 
tended  to  .■miihasize  the  essentia!  unity  of  all  the  sciences  in 
the  struLj,L;le  to  unfold  tlie  mysteries  of  the  phenomena  of  life 
anil  nature.  Hioloj^y,  physiolo^ry,  biochemistry,  ph\sical 
ciiemistry,  and  pure  jjhysics  deal  fundamentally  with  the  same 
laws,  and  it  is  becomini;  more  and  more  difficult  to  delimit  the 
re-ion  [jeculiar  to  each.  hew  lines  of  recent  researcli  exhibit 
sucii  ramifications  (jf  interest  as  that  de.iliiu;  with  colloidal 
solutions. 

denerall)-,  a  colloidal  sijlution  ma)-  be  defined  as  a  suspen- 
sion, in  a  liquid  medium,  (jf  fine  particles  which  may  be  t,'raded 
down  from  tho-,c  of  nn'cioscopic  to  those  uf  molecular  dimen- 
siiins,  these  particles  may  be  either  homoi;eneous  matter,  ^cilid 
or  li(|uiil,  or  solutions  of  a  small  percenta;;r  of  the  medium  in 
an  otherwise  honm^eneous  complex.  Such  solutions  m.iy  be 
prepared  in  almost  lunubeilcss  wa\-s,'  and,  in  their  pn.peities, 
m:iy  betray  v.iri.itions  as  numerous  as  the  methods  of  prepara- 
tion. The  one  property  conmion  to  all  such  "olution  ,  i-i  that 
till-  suspended  matter  will  remain  almost  iudefim'telv  in  ,us- 
peusioii  ill  the  liipiid,  ;;ener,dly  in  s|)ite  <>(  i.ither  wide  vari.i- 
lioiis  in  temperatuir  and  pressure,  the  ii.itural  tendency  to 
settle  due  to  the  attr.iction  of  j;ravitation  is  o\ii  b.il.nu  ed  b\- 
sonii'  MtJK-i  Inue  lendiii;;  to  keep  the  small  masses  in  sus- 
pension. 

I  he  r.ipiil  development  in  our  knowledge  of  tliese  solutions 
is  due  ti>  the  innllueiice  ol    sdine  three  or  four  lines  nf  iiuesti 
^;atl(ln,  e.nh  h.uiiii;  its  l)e^;innint;  early  in  the  l.ist  (enlur\- 

I      I'or  several  hundred  \(,ns  bi,  r|oj;isls  ha\e  (>bsei\ed  .nul 
■  ■luilieil     the   nuitiMie,  ,>|    niii  lo-Kipi,    .miiuali  ules    in    li.|uids. 
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Ab..ut  the  year  -yj;.  Robert  Broun,-  the  Kn-;li.h  biolo-ist, 
foiiiui  that  ever  inanimate  fine  particles  in  liquids  possessed  a 
similar  characteristic  motion -a  continual  zii^-zaj,'  movement 
wh'ch  has  come  to  be  called  the  J^rownian  movement.  This 
curious  motion  has  been  studied  continuously  since  Brown's 
time,  and  lias  recently  contributed  imi)ortant  cjuantitative  con- 
firmation of  the  kinetic  theory  of  matter.^ 

J.  (Jne  of  l'"arada>'s  keen  ambitions  was  to  show  ex|)eri- 
meiitaily  the  connexion  between  electricity  and  lij^ht.  In 
pursuance  of  this  object,  he  at  one  time  souL;ht  to  find  the 
effect  exerted  on  li,t,'ht  bv  very  fine  i)articles  of  metals  sus- 
pended in  li.|uid  or  solid  media,  e.y.  in  water  or  ylass.'  Fara- 
day prepared  several  acjueous  (Colloidal)  solutions  of  ^,,1,1,  and 
hrst  su;4L;e.ste(i  what  is  now  believed  to  be  the  true  constitution 
of  these  solutions.  A  few  years  later  Tyndall  ■  developed  the 
I'.vperiment  In-  which  such  small  particles  ma\-  be  revealed  by 
the  lateral  diffusion  of  a  beam  of  li-ht  traversin.4  the  solution. 
This  led  tc.  the  theoretical  work  on  the  blue  colour  of  the  sky 
and,  later,  to  the  investigation  of  the  optical  absorption  of 
colloid.il  solutions. 

>  .About  1850,  Kn.t,dish  microsropists,  in  their  endeavour 
to  increase  the  magnifying  powerof  the  micro.scope,  introduci^d 
'!"•  method  <A  ilhnnination  known  under  the  name  of  dark 
iMckgruund  nuumnation"  The  characteristic  .,f  this  metliod 
I--  that  the  direct  illuminating  beam  is  screened  off,  and  the 
object  is  ma.le  visible  by  the  light  which  it  diffuses  up  the 
tube  (.1  the  nucroscope.  These  eari\  investigators  used  this 
mcth.Ml  (,„  the  l.itnal  illunnn.itK .11  of  ,,r<linar\-  micin.cpi. 
"bjccts,  e.;;.  diatoms;  hi>\\e\er,  .ifter  the  iii\ention  ol  the  sJU 
iillr.imicroscope  by  Zsignmn.iy  and  Siedentopf,'  the  c,ul>- 
nKth.Ml  uf  d.irk  ground  illumination  «as  revived  in  the  forms 
of  ollui   ic(  cut  ultr,imicro-,io|)cs. 

1  liic  most  direct  antcedont  of  the  modern  work  on  col- 
loid,il  .oliitioiis  is  foiuid  in  the  inve-lig.itions  of  Gi.di.im  "  on 
llu-  i,it(->oi  ditlusion  .i|  \,iiioussubst,uices  in  water.  lie  found 
th.it  all  sub^t.iiueslall  into  tu,,  rJasMs  those  witii  vers  -,l,,w 
•liffuM-on  wliirh  he, ailed  coHoHsj,  and  tiiose  with  .1  higluT 
uid.i  oi  diiiusioii  laie  ^crystalloi.l,,;.      Losing  permeable  sept.,, 
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such  as  employed  by  early  workers  on  osmosis,  he  found  that 
hi-s  colloids  did  not  diffuse  through  them  at  all,  while  the 
crj-stalloidal  materials  went  through  the  septa  quite  readily. 

On  account  of  these  diffusion  experiments,  Graham  sug- 
gested that  the  "colloidal   molecules  may  be  constituted  by 
the  grouping  together  of  a  number  of  smaller    crystall.-idal 
molecules".       This    being   the   case,   they    should    show    the 
T)-ndall  phenomenon.      Following  out  Graham's  idea.s,  Linder 
and  Picton  ■'  prepared  a  series  of  .solutions  of  arsenious  sulphide, 
in  which  they  were  able  to  grade  the  sizes  of  the    particles 
from  aggregates  visible  in  the  ordinary  microscope  to  those 
just   bordering  on    the  upper  limit    of  the  size  of  molecules. 
Many  continental  w.)rkers  u  ere  also  engaged  in  the  examination 
of  similar  solutions;  in  particular,  Zsigmondy  and  Siedentopf 
set    them.selves  to  apply  the  principle    of  the    T\iulall    phe- 
nomenon to  the  ordinary  microscope  ;   the  result  was   the  first 
ultramicroscope.     Soon    there  followed    from  various  optical 
manufacturers   the    simpler    t>  pes    of  ultramicroscopes  which 
adopted,  consciously  or    uncon.sciouHl)-,  the  methcjd  of  flark 
ground  illumination  of  the  early  English  microscopist.s. 

The  ultranu'croscope,  when  used  to  view  colloidal  solu- 
tions, shower!  that  the  latter  po.ssessed  a  sery  n,.liceable 
Hrownian  movement,  much  more  brilliant  than  (^nlinary 
microscopic  particles  since  the  rate  of  motion  increases  rapidly 
as  the  si/e  of  the  j-articles  decreases. 

'J'he  invention  of  the  ultramicroscope  marked  the  begin- 
ning ()f  the  modern  widespread  >tudy  of  colloidal  solutions. 
it  .ifforded  experimental  evidence  necessary  to  generali/e  the 
results  (,f  the  many  lines  of  research  indica    d  above. 

The  chapters  which  follow  will  <leal  with  the  |)hyM(al  as- 
pect of  colloidal  solutions  from  fourp.Mht,  of  \ii'w:  (I)  their 
preparation  and  classificati(.n  ,  [2)  the  general  properties  of 
such  solutions,  (3;  the  theoretical  importance  ..f  the  stud)'  of 
Mid)  solutions,  .md  (.,  j  (|k-  |)ractic,il  iinporlaiRe  ol  rolloid.s,  as 
for  example  in  phj'siology  and  technology. 

In  adihtion  '  ,  the  properties  of  colloidal  solutions  already 

:::::v..:i-.;:,  •.:.:.,  ;;-,r;.    ^ianiiii)    oi  siaie  aiKJ  iiie  Hrownian   niove- 

iiuiit  of  the  particles,  they  have  vri\   ini|H„t,,nt   il.iiiiial  piu- 
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pertics.  I  n  common  with  coarser  suspensions  of  sucli  materials 
as  sanri,  p;raphite,  quartz,  amber,  etc.,  in  various  fluids,  gener- 
ally speaking,  these  colloidal  particles  are  founrl  to  be  set  in 
motion  when  a  potential  difference  is  applied  between  two 
electrodes  placed  in  tl-.e  solution— i.e.  they  move  in  an  electric 
field  and  are  therefore  said  to  be  electrically  charged.  In 
some  cases  the  particles  are  positively  charged,  in  others  nega- 
tively. .Again,  although  these  solutions  are  very  stable  and 
when  left  undisturbed  will  remain  jiracticall)-  unchanged,  the 
suspended  matter  may  be  ,)recipitated  in  a  variety  of  wa)-s ; 
as  a  general  rule,  the  addition  to  the  solution  of  electrically 
C(jnducting  solutions  'electrolytes)  will  induce  coagulation  in  a 
short  time. 

The  theoretical  importance  of  colloidal  solutions  is  wide- 
spread ;  to  the  physicist,  probably  their  chief  interest  may  be 
sununed  up  under  three  heads.  In  the  first  place,  the  work  of 
Kinstein,'"  .Smoluchowski,"  and  Langevin,'-  in  offering  e.xact 
mathematical  formuki  whereby  the  Hrownian  movement  may 
be(iuantitatively  tested,  and  tlie  investigations  of  I'errin  '■'  on 
the  distribution  of  the  particles  throughout  the  volume  of  a 
htjuid,  afford  most  striking  evidence  of  the  truth  of  the  funda- 
mental hvpotheses  of  the  kinetic  theory  of  li(|uids  and  gases, 
and  of  the  existence  of  the  molecule.  Secondly,  Faraday's 
work  on  the  optical  effects  of  such  solutions  has  Ijcen  recently 
supplemented  by  manv  researches  which  have  attemjitcd  to 
soke  the  riddle  of  the  form  and  structure  of  tlie  particles." 
Thirdiv,  the  i)erennial  (|uestion  as  to  the  reason  for  the  stability 
of  these  solutions  remains.  I'he  various  ph\sic,il  forces  which 
ma>'  be  involved  -electrical  attractions  or  repulsions,  surface 
tension,  molecular  shocks  -suggest  a  pu//le.  the  solution  of 
which  will  undf.uhtedly  give  us  most  valuable  information  re- 
garding the  forms  of  energy  involved  in  tlieli,|iuM  ;u id  solid 
stati's. 

Iiid-tng  by  the  literature  on  thr  suhje.  t  .iiid  considering 
the  Mm.  tin.  ,,n,l  acti.m  ..f  the  .  oiistittieiit  p.uts  oftheanim.il 
Ii.hU,  w.>  m,i\- on.lii.le  th.it    the   study   of  .-..ll.M.l.d   s..luli..ns 

i-   III   surp.l'sill;;   int.-l.st  i.i  I  h^'  y,w,|,,,.;^(    ,,,,!  ,.1,^  .,;.,!,.,,;    ,         •!!... 

jnventi.iii  ..f  the  ulti.imi.  ros.-.,|,r  has  bmught  int..  \  i.-w  bo.lie., 


/A'JROlHCriOX 

v.ir.  ccrt.iln  -ciins,  Aliicli  ucc  tlicrctc.luic  un.liscovL-rcl.  The 
al.uiKlancc  ami  i.hiquit\-  nf  natural  c.illoids  in  the  human  body 
brin-s  into  piumin-jncc  the  work  on  seini-permeable  incin- 
bianes.  surface  tension,  and  the  role  played  bv  the 
-SV/////:/v//,v;/(seep.  17),  Indeed,  I'errin '■'  has  suj,rgested  a 
coll, ,idal  explanation  of  the  process  of  primary  cell  cjrouth 
and  cell  division,  an  idea  which  is  somewhat  supported  by  the 
phenomenon  t)f  f^alvanotropism  of  microscopic  animals. '"•  '" 

A  mere  eiunneration  of  the  use  of  colloids  in  technolos^y 
would  occupy  too  much  sp;ice  at  this  point.'-  JJyeinj,',  tan- 
ning, glass  manufacture,  cement  hardem"ng,  afford  Jxam^^ples  o( 
the  way  in  which  the  properties  of  these  solutions  were  made 
use  of  before  their  real  constitution  had  become  a  subject  of 
theoreticall\-  important  work.  In  reality  there  are  very  few 
modern  manufacturing  processes  which  do  not  employ"  such 
solutions,  lujually  important  is  the  rule  of  such  solutions  in 
the  i)rocesses(jf  nature;  as  an  instance  of  this,  according  to 
van  liemmelen,'"  the  retentive  power  r,f  rich  soils  fo/^the 
-salts  necessary  to  the  growth  of  plants  is  <lue  directly  to  the 
existence  of  colloidal  solutions  in  the  humus  and  clay  of  the 
soil. 

Although  there  is,  as  yet,  little  finality  in  die  stu.lv  of 
these  solutions,  the  vast  amount  of  work  that  has  been  and  is 
benig  done  will  probably  justify  this  attempt  to  ..utline  the 
present  state  of  our  knowledge  of  them. 
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CHAPTER  II. 

I'KFPARATIOX  AND  CLASSIFICATION  OP  COLLOIDAL  SOLUTIONS. 

TlIH  term,  colloid,  was  iiserl  first  by  Graham,  about  1861,  to 
denote  a  class  of  substances,  many  of  them  of  a  gummy  con- 
sistency, which  iuul  an  extremely  low  rate  of  diffusion  through 
mefha  in  which  they  were  dissolved.  As  the  result  of  an  ex- 
tensive series  of  experiments  on  the  rates  of  diffusion  of 
various  compounds,  he  was  led  to  divide  all  substances  into 
two  classes,  the  rate  of  diffusion  of  materials  in  one  of  the 
groups  being  much  larger  than  the  rate  of  those  belonging  to 
the  other  group.  He  found  that  such  substances  as  silicic 
acid,  soluble  alumina,  and  certain  organic  compounds,  viz., 
gum-arabic,  tannin,  dextrin,  caramel,  and  albumen,  possess 
extremely  slow  rates  of  diffusion  into  pure  water,  comjiared 
with  the  rates  of  such  compounds  as  sodium  chloride,  hydro- 
chloric acid,  etc.  The  former  group  he  called  colloids,  while 
the  latter  he  designated  crystalloids  on  account  of  the  fact 
that  the>'  crystallize  from  saturateti  solutions.  Further  ex- 
amination of  the  properties  of  the  substances  in  the  two  classes 
showed  him  that  there  was  a  very  general  line  of  cleavage 
I)etween  the  two  groups. 

"They  appear  like  different  worlds  of  matter,  and  give 
occasion  to  a  corresp(jnding  division  of  chemical  science.  The 
distinction  between  these  kinds  of  matter  is  that  subsisting 
between  the  material  of  a  mineral  and  th.it  of  an  organized 
nia.  s. 

"The  crijloidal  character  is  not  obliterated  by  liiiuefaction, 
and  is,  therefore,  more  than  a  modification  of  the  physical  con- 
dition of  solid.  Some  colloids  are  soluble  in  water,  as  t,v  latine 
arii!  giim-ar.'iDic  ;  anii  some  aio  iiiSuiiiiiic,  iike  ginn-tragacantii. 
Some  colloids  again  form  soli<l  compounds  with  water,  as  gela- 
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tiiic  ami  L,ami-ti-a;;acantli,  while  others  like  tannin  do  imt.  in 
such  points  the  clloids  exhibit  as  m-eat  a  diversit)- of  iiropert)- 
as  the  crystalloids.  A  certain  parallelism  is  maintained  between 
the  two  classes  notwithstanding  their  differences. 

"The  phenomena  of  tlie  solution  of  a  salt  or  crj-stalloid 
probably  all  ap[)ear  in  the  solution  of  a  colloid,  but  greatly 
reduced  in  degree.  The  process  becomes  slow  ;  time,  indeed, 
api)earing  essential  to  all  colloidal  changes.  The  change  of 
temperature  usually  occurring  in  the  act  of  solution  becomes 
barely  perceptible.  The  liquid  is  always  sensibly  gummy  or 
viscous  when  concentrated.  The  colloid,  although  often  dis- 
solved in  a  large  proportion  by  its  solvent,  is  held  in  solution 
by  a  singularly  feeble  force.  Hence  colloids  are  generally 
displaced  or  precipitated  by  the  addition  to  tlieir  solution  of 
any  substance  from  the  other  class.  Of  all  the  properties 
of  liijuid  colloids,  their  sKjw  diffusion  in  water,  and  their 
arrest  !)>•  colloirlal  septa  are  the  most  serviceable  in  distin- 
guishing them  from  crystalloids.  Colloids  have  feeble 
chemical  reactions,  but  they  exhibit  at  the  same  time  a  very 
general  sensibility  to  liquid  reagents.   .   .   . 

"  The  inciuirx-  s\iggests  itself  whether  the  colloidal  mole- 
cule may  not  be  constituted  by  the  grouping  together  of  a 
number  of  smaller  crystalloidal  molecules,  and  whether  the 
basis  of  coUoidality  may  not  really  be  this  composite  character 
of  the  molecule."  ' 

As  indicated  above,  Graham  found  that  the  solution  of  a 
colhjid  would  not  pass  through  a  membrane  of  a  solid  colloid, 
while  solutions  of  crystalloids  do  so  with  the  utmost  ease. 
I'liis  property  is  of  the  greatest  importance  as  a  practical  means 
of  freeing  solutions  of  colloids  from  cr\-stalloidal  impurities, 
i.e.  by  so-called  (lial)'sis. 

While  Graham  called  the  partic.ilar  snh-tance.s— gelatine, 
gum-arabic,  etc.— colloids,  there  is  distinct  indication  in  tlie 
;ibove  (juotation  tliat  he  was  well  aware  ol  the  intimate  re- 
liitinn  that  must  sub-^ist  between  the  soKent  and  the  solute. 
Modern   work   has    shown   that    it    is    incorrect    to    sneak    of 


that    the    alkali    sa 


)    speal- 
i'vraiil     has  ousel  \e(i 
Its    of   tile    liiglier    fatty    acids— stearate, 


I  i.iC  KKtl    \.  Itt.l.T, 


PRF.rARATID.V  AND  CLASS/F/CA770.V  9 

palmitate,  olt-ate— dissolve  in  alcohol  as  ci)-stalloids  with 
normal  molecular  \vci.i,'hts,  hut  in  water  thej-  are  true  colloids. 
The  reverse  is  true  of  sodium  chloride  ;  I'aal "  found  that  the 
latter  gave  a  colloidal  solution  in  benzol,  while,  of  course,  it 
gives  a  crystalloidal  solution  in  water.  More  recently,  Von 
Weimarn  ^  has  demonstrated,  by  the  preparation  of  colloidal 
solutions  of  over  two  hundred  chemical  substances  (salts, 
elements,  etc.),  that,  by  proper  manipulation,  almost  any 
substance  which  exists  in  the  solid  state  can  be  produced 
either  as  a  colloid  or  as  a  crystalloid ;  and  that  in  some  cases. 
as  shown  by  many  other  workers,  it  is  merel>-  a  matter  of 
the  concentration  of  the  reacting  components  whether  one 
gets  crystalloidal  or  colloidal  solutions. 

Consequently,  we  now  speak  of  matter  being  in  the 
colloidal  state  rather  than  of  certain  substances  as  colloids— 
the  essential  characteristic  of  the  colloidal  state  being  that 
the  substance  will  exist  indefinitely  as  a  suspension  of  solid 
(or,  sometimes,  probably  liquid)  masses  of  very  small  size  in 
some  liquid  media,  e.g.  water,  alcohol,  benzol,  glycerin--,  etc. 
According  to  the  medium  employed,  the  resulting  solutions 
or  suspensions  are  called,  after  Graham,  hydro.sols,  alcosols, 
benzosols,  glyce-  etc. 

When  a  gen^  reatment  of  the  theory  of  such  solutions 
is  attempted,  it  is  .,.en  that  they  are  related  in  their  properties, 
on  the  one  hand,  to  distributions,  in  finely  divided  state,  of  a 
solid  through  a  solid  medium,  as  for  example,  gold  ruby  glass  ; 
and,  on  the  other  hand,  to  distribui  us  of  finely  divided  solids 
in  gaseous  media  as,  for  example,  smoke  in  air.  To  all  such 
heterogeneous  mixtures  of  solid,  liquid,  or  gas,  in  state  of  sus- 
[K'usioii  in  solid,  liquid  or  gaseous  media,  the  name  disper.soid 
has  been  given  ;  the  theory  of  the  equilibrium  of  dispersoids 
in  general  ha."  been  treated  by  Freundlich,''  Wo.  Ostwald," 
and  Von  Weimarn.'  Following  the  nomenclature  adopted 
by  these  writers,  we  shall  call  the  finely  divided  masses,  the 
disperse  phase,  while  the  medium  through  which  the  particles 
are  distributed  will  be  called  the  dispeision  medium. 

Taking  the  three  states  of  matter — soli.  I.  liquid,  and  gaseous 
—  we  should  have  the  nine  different  kiiuls  of  dispersoids  indi- 
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catc.l  in  the   fullnwiurr  table  (Table  I),  in  which  is  also  -iven 
examples  of  the  various  s\stems. 


TAliLK  1. 


Disperse  phase.     Dispersion  mediuin. 


I 

Solid  ill 

2 

I.i(|uid  ill 

3 

(ias  in 

4 

5 
6 

7 

Solid  ill 

Liquid  in 

Cias  in 

Solid  in 

K 

i       1 

Li(|uid  ill 
Gas  in 

Solid. 

Solid. 

Solid. 

Liquid. 

Liquid. 

Liquid. 

(-las. 

Gas. 
(ias. 


Kv.imples. 

Solid  solution's,  trold  ruby  l;la^s,  carbon 
in  steel,  rock  salt  with  sodium. 

Liquid  in  minerals,  water  of  cry.stalli/a- 
tion. 

Gases  in  minerals,  meerschaum,  hydro- 
gen in  various  metals. 

Colloidal  solutions  of  metals. 

I'niulsions  of  oil  in  water. 

Air  in  water,  foam. 

Smoke  in  air,  salanimoniac  powder  in 
air. 

Clouds,  pases  at  their  critical  state. 

Not  a  dispersoid,  merely  a  mixture  of 
molecules,  , 


So-called  colloidal  solutions  are  included  under  L^roups  ^4) 
and  (5),  chiefly  the  former.  They  include  such  of  these  dis- 
persoids  as  have  the  individuals  of  the  disperse  phase  with 
diameters  lying  between  two  fairl\-  definite  limits.  The  upper 
limit  is  set  by  those  particles  which  settle  under  -ravitation 
in  a  short  time ;  the  lower  limit  is  fixed  b>-  the  power  of  the 
ultramicroscope  to  render  the  particles  visible.  So  we  have, 
after  W.  Ostwaki,  the  following  classification  of  these  disper- 
soids  : — 


Dispersoids.     [4]  and  [s] 

r  r 

Coarse  Colloidal 

suspensions.  solutions. 

Diameters  of  particles  :  >  O'l  ^  *  Ktween  o'l  ^  and 

.1  I  o  MM 

M  equals  Id      mm.  -  10   '  cm.  ,u^  =  10  «  mm.  ==  10 


Molecular 
solutions. 

■!■ 

<  I-o  ^,1 


cm. 
Kven  among  this  limited  number  of  dispersoids,  we  find 
great  diversity  of  structure  and  property;  in  order  to  recog- 
nize the  common  bonds  involved,  one  needs  to  evolve  son'e 
kind  of  classification  of  the  various  solutions.  The  present 
state  of  our  knowledge  does  not  justify  any  very  final,  far- 
reaching  classification,  such  as  into  groups,  families,  etc.  \  but 
nevertheless  the  dispersoid-;  do  fi!!  info  i-.vr-.  f^-lr!-.-  -.-^--W  -.-.-..-.... 
nized   groups,— a  division  indicated   by  Graham   himself      Ik- 
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notes  that  the  comparatively  small  number  of  solutions  with 
which  he  worked  fell  into  two  classes.  "Some  colloids,  as 
Relatine,  gum-tragacanth,  form  solid  compounds  with  water, 
while  others  like  tannin  do  not."'  These  two  classes  have 
been  differentiated  by  Noyes  •  as  follows  :  (i)  viscous,  gelatiniz- 
ing colloidal  mi.xtures,  not  (easily)  coagulated  by  salts,  and 
{2)  non-viscous,  non-gelatinizing,  but  readily  coagulable  mix- 
tures. This  same  division  has  been  retained  almost  exactlj- 
by  various  writers  under  different  group  names,  as  shown  in 
Table  11.  Those  of  the  gelatine  type  may  be  dissolved  di- 
rectly in  the  medium  ;  when  placed  in  the  dry  state  in  the 
liquid  (usually  water)  they  ab.sorb  a  large  amount  of  the  liquid, 
gradually  swell  with  the  absorption,  until,  at  sufficient  dilution, 
the  solid  becomes  distributed  in  a  finely  divided  state  through- 
out the  medium.  According  to  some  workers,  we  have  in 
these  cases  a  mixture  of  two  solutions,  the  disperse  phase 
consisting  of  a  solution  of  water  in  the  fine  solid  particles, 
the  dispersion  medium  being  a  dilute  true  solution  of  the  solid 
in  the  liquid  medium.  In  those  of  the  second  group,  the 
solid  particles  are  not  so  intimately  related  to  the  liquid  medium, 
and  usually  the  colloidal  state  must  be  brought  about  by  means 
other  than  simple  direct  solution.  These  various  differences 
between  the  colloids  of  the  two  groups  account  for  the  variety 
of  the  names  assigned  by  different  authors.  On  the  whole, 
emulsoid  and  su.spensoid  seem  to  be  the  most  suitable,  for 
reasons  which  will  develop  in  the  course  of  this  chapter. 

TABLE  II. 


Author. 


Hardy'*    . 
Billiter" 
Henri  i"    . 
Noyes  ■   \ 
H6ber"( 
Freundlich  '•  |  . 
Neumann  '-  (  . 
Bary "     . 
Von  VVeniiarn  '  \ 
Wo.  Ostwald  'I  J 


GeUtiniiing  lyp«. 


Reversible. 

Hydrophilous. 

Stable. 

Colloidal  solutions. 


Lyophile. 
Dissolving  colloids. 

Emulsoid. 


Non-gelfltinirin^  type. 

Non-reversible. 

Anhydrophilous. 

L'nstable. 

Colloidal  suspensions. 


Lyophobe. 
Electrical  colloids 

Suspensoid. 


In  addition  to  the  peculiarities  already  noted,  the  solutions 
of  the  gelatinous  class,  which  we  shall    call  emulsoids,  have 
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tlu-ir  partiVlc-s  von-  Icol.ly  >hau;..l,  aiKl  ,1,.  ,„,t  s.vin  U.  ,lciH-n,l 
for  tiiL'ir  stability  .m  the  valiir  of  this  chai-c.  Ihcir  very 
5,'encral  non-sensitiwiicss  in  the  ad.h'tion  of  traces  of  electro- 
lytes is  another  common  property  h'nkin-  all  such,  solutions  in 
one  class.  However,  whi-n  we  consider  the  sub-class  suspen- 
soids,  we  find  a  much  -reater  variety  of  behavi.nn- and  have 
reasons  for  furtiier  classification. 

Many  methods  of  classification,  dependin-  r,n  the  point 
of  view  taken,  have  been  sui;-ested  :  ,i)  Acconlin-  to  the 
sizes  of  the  particles  of  the  disperse  phase;  (:)  Acconiinu  to 
the  chemical  constitution  of  the  disperse  phase,  i.e.  whether 
element,  or  salt,  etc.  CZsi-mondy '^; ;  (3)  Accordin-  to 
methods  of  preparation  (Svedber<,r,''  Ostwald  ' ) ;  ^4)  AccM-.i- 
ms  to  ph\-,ical  properties  and  behaviour  as  colloids,  a 
classification  which  we  shall  attempt  particularl)-  from  tile 
point  of  view  .)f  the  ph\-ical  .aspect  of  tlu.e  solution-. 

I.    ('l..\ss|l|.  .\TI(,\    ,\(V<)l;hi.\(,     lu   M/r:   ,,|-    l'.\KT|(  l.l.s. 

'Ihe  lust   cl,is.-,ific;,tion   is   rather   meaningless   lurause  the 
sam.  solutM.n   may  h.ive  particles  of  various  si/es  existin-  in 


It  .it  one  .and  tin-  same  time 


and,  cert.,  .ily,  sui  h  experiment.- 


as  th..se  oi  I.inder  an.l  I'icton  "^  on  arsem-c  sulphide  have 
shown  th.it  solutions  of  identically  tiie  same  chemical  coustilu- 
tio.i  can  be  pro.juced  with  the  disperse  phase  var\in..,  in  si/e 
from  timt  of  ^ro.ss  suspensions  to  that  of  molecul.ii  solutions. 

2.    Cl.ASsIlK  ATKIN     ACOKl.ix,;     ,-,  ,    t  Hm,,,    \|,    C'm\s|I. 

riiroN. 
Z.si,t;moud\'scl,„sihcatio„  j.  p.a.ticul.ulv  UM'ful  in  redu.  in- 
'!"■  uhol..   r.an.^e     f  colloid.al    M,luti.,ns   to,,  chenn.ai  system.' 
I  1 1,  I  l.i.sifn  .ition  is  as  loll  iws  ; 

.\.|UI<111,  Colldld.ll    vdlutilllK, 


I 
.Metals.     N. 

I 

I 
I'liif. 

Willi 
Scliut/kullojd, 


Ini'i^.mu". 

I  I  I 

till".     I     Siilphldrs.     Snltn, 

( rMiicK. 


()rf(nnic, 

I  1 

S.Tlt.H  (soapR       .MlnniiiiiiiuT. 
«nd  ilycs).  |.,i,|i,  s. 
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3.    L'LA.sMKlrATION    ACCORDING    To    MKT1I()I».S   Ol-    I'RK- 
I'ARATIOX. 

C  omiJarint;  the  inetlnxls  of  i)rei)aration  given  by  various 
worl<cis  (see  Svedberg,'-'  Miiller,''  Ostwalci,''  Von  Wcimarn  ') 
we  have  light  shed  on  the  diverse  properties  of  colloidal  solu- 
tions of  tills  class.  As  pointed  out  by  Svedberg,  all  the 
means  of  [)reparation  of  these  solutions  follow  one  or  other 
of  two  general  methods.  Hither  the  solid  is  taken  ai  masse 
and  in  -.ome  way  dispersed  throughout  the  liquid  medium 
(the  so-called  disi)ersion  method),  or  the  disi)erse  particles 
are  made  sjiijietically  from  molecules  (the  so-called  conden- 
sation method  \  In  Table  1 1 1  these  methods  are  classified  and 
the  aqueous  colloidal  solutions  obtained  are  indicated  under 
each  lu-ading:  detailed  accounts  of  the  method  of  prejiaration 
of  t)pic;d  solutions  follow  (see  p.   14). 

/(/.    ( '/iniiiiii/  Kcduitioii. 

1  his  general  method  of  producing  fi,,e  suspensions  of 
nu  tallii-  particles  in  water  was  really  employed  as  earlyas  17:0 
in  the  case  of  gold  solutions;  at  a  later  time  silver  solutions 
were  made  in  an  analogous  manner.  \\\  the  use  of  various 
reagents,  such  as  hydrogen  gas,  carbon  monoxide,  phospiiorus, 
etc  ,  the  salts  of  the  met.. is,  iu  ipiite  dilute  solution,  are  re- 
duced so  as  to  leave  the  i)ure  metal  in  sus|)ension.  These  gold 
and  silv-r  solutions  offered  a  fascinating  pu/./.le  to  chemists  in 
the  early  pa.t  of  the  luneteenth  century  ;  probal)ly  I'araday  was 
the  fu>t  to  ;;ive  experiment. il  evidence  of  thetrue  natinc;  of 
such  solutions,  a  view  .unpl\-  justified  l)y  the  ultramicroscope. 
^'iice  the  inven  ion  of  the  latter  instnnuent  and  the  wideiniig 
ol  ll-e  interest  i  1  su-h  so!"t'ons,  thi'  innnber  of  met.ds  >o  n- 
diiceo  h,is  MiT.it  y  increased,  as  has  also  the  number  of  the  re- 
ducing agchi  employed  for  the  purpose.  On  account  of  its 
historical  imi>oitance.  wesh.ill  nulline  one  of  l'"arada\''s  metho<ls 

ol   prodix  ill;;   irold   sols,  as  .idaplicl  by   Zsigmnndy. 

Rciuction  oj  Co/.i  :,'i/i'i  riiosfhoiiis  ( l''arada\','-  Zsigniondv  ") 

To    1  "n    res.    ron<hii  ti\it\-    u.iler    fredistilled     thiou-li    a 
silver    worm)    .ue    added     i  c;    i,it>|,,       ,,f   t;,,ld    hvdioi  hi.  .1  idf 
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I  ^ 


(crystals  of  AuCl,  .  H.  3H,0)  and  2,7  mgms.  of  the  purest 
potassium  carbonate.  The  ^'old  chloride  is  reduced  by  about 
05  CCS.  of  an  ethereal  solution  of  phosphorus,  made  by  diluting 
a  concentrated  .solution  with  five  times  its  volume  of  ether. 
The  f(}rmation  of  the  hydrosol  takes  place  slowly,  the  fluid  be- 
cominj,^  first  bright  brownish  red,  and  then  gradually  bright  red, 
often  with  a  tinge  of  brown  red,  without  showing  the  slight- 
est turbidity  in  transmitted  or  reflected  light.  Particularly 
troublesome  impurities  in  the  water  are  the  following  :  phos- 
phates of  the;  alkaline  earths,  silicates  from  the  C(jntaining  glass 
vessel,  colloidally  dissolved  substances  in  ordinar)' commercial 
distilled  water. 

//'.  Chcinicd  ( \i/,/,it!o//. 
This  method  is  important  on  account  of  its  use  in  the  pro- 
duction of  sulphur— a  reaction  empkned  by  chemists  for 
many  years.  The  production  of  the  hjdroscjl  is  more  a 
matter  of  manipulation  of  an  old  experiment  than  any  new 
dcvelopniijnt. 

Colloidal  Sulf^lnif  ( Kafi"o  -"). 
70  grms.  sulphuric  acid  (d  -=  1-84;  is  place<l  in  a  cylinder 
of  about  300  CCS.  capacity,  which  is  kept  in  told  water.  \ 
solution  of  sodium  hy()osulphite  (50  grms,  pure  crystals  in 
30  CCS.  distilled  water)  is  added,  drop  by  drop,  while  the  acid 
is  continually  stirred.  The  hy[).)sulphite  must  be  added  very 
slowly  in  order  not  to  form  too  large  masses  of  the  insoluble 
sul|)hur,  which  is  the  c\\i\  product  of  the  reaction.  When  all 
thehy|K)sulphite  has  been  added,  the  whole  is  pkiced  in  a  flask, 
30  CCS.  of  distilled  water  added,  the  whole  then  shaken  and 
he.ited  on  a  uater  bath  for  about  ten  minutes  at  Xo  ('.  .At 
this  tiinper.iture,  the  original  turbid  thick  mass  clear-^  (piickly 
and  .issumes  the  suljjluir-yellow  colour.  The  first  purification 
consists  ill  filtering  the  whole  through  gla-,s  vw.ol  in  oidcr  to 
remo\e  the  undissolved  sulphur.  iJuring  the  cooling  the  lil- 
liatc  deposits  the  sulphur  again  ,  consequentl)'  it  is  set  aw.iy  in 
a  cool  pl.ite  tor  swnie  twehe  hours.  Heating  and  filtering  is 
c.inliiuicd  until  all  the  iiisoluhlc  Mil|)hui  i\  unioved,  llie 
snliitiuii  I,   then  (iiitriftigfd,  ihe   sediineiil    washed   in   a   little 
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col.l  water,  aiKi  then  <lissoIved  in  as  small  a  quantity  of  (hot) 
water  as  possible.  The  solution  is  neutralize.!  by  sodium  car- 
bonate which  precipitates  the  -reater  portion  of  the  sulphur, 
IcMvnii;  a  stable  sulphur  solution  containini;  some  sodium  sul- 
phate. 

/(■.    //l'i/h</vs/s. 

15y  hydrolysis  is  meant  the  decomi-osition  which  mruiy 
chenucal  compoun.ls  soluble  in  water;  undergo  when  dis- 
solved in  wate,.  The  acti<,n  may  be  represented  by  the  equa- 
tion :—  ^  * 

(.t.  An  I  H,()H-1I,  An  +  Ct  .  OH, 
where  Ct  and  An  stand  for  the  cati.Mi  and  ain'on  respectively 
of  the  dissolved  substance.  When,  in  the  course  .f  the  hy- 
'Irnlysis  a  comp.nni.l  of  small  solubility  with  respc'ct  to  the 
water  is  formed,  conrjitions  are  favourable  to  the  produc- 
tion of  a  colloidal  solution. 

C,>.7.>/,/,i/  riioyiiiui  //v'/ni.vi.fc  (15iltz  -'). 
A  solution  of  7  qnns.  of  ,t  thorium  nitrate  in   sc  ccs. 

water  -Ives,  after  five  days',,  .,,ys,.,  ,,  hy.irosol  ,,f thorium  hy- 
'I'^xi'lc  as  cle.n-  as  water.  While  the  w.iter  is  i„  the  dialvser 
"Illy  a  vry  sli:^ht  osmotic  rise  is  (observed.  The  reaction  of 
the  solution  is  neutral  ;  with  acidified  ferrosulp.hate.  nitrate  can 
midnubtedly  be  reroj,r,ii/.e<!.  Analysis  ^r;ive  o'l  3  j  L^rms.  thor- 
ium hydr-.vide  per  \oo  ccs.  of  solution,  Kvaporation  on  a 
water  bith  leaves  a  L;ununs-  shiniii;;  mass,  which  does  not 
.i.iMin  disM.lve  in  w,iter.  The  colloidal  solution  is  stabl.-  even 
alter  boiliiij^. 


A/  /','n/>/r  P,;-i'iiif'osi/i,'ii. 
Ind.  I  thi-,  headiuK,  followin;;  .Svedber^',''  we  may  inclu.le 
<luMnic,d  condens.it ion  reactions  which  ,ire  n.,1  iiulude.l  un  'ci 
<l>''  thive  puMous  metho,ls  They  iiulud.^  the  production  ol 
Milph.de.  I.y  th-  .u.loM  ofhydro;;en  sulphide  on  metallic  solu- 
tions. o(  ceitun  ,u-,d.  In  tin-  a-,  tion  ol  strong  .,ci,is  on  salts 
e.jr.  sihcica.Hl  by  ihe.Hiion   of  hvdro,  hl,.ri,-   ,,.  i,l   o,,  sodj,,,,,' 

sillr.iti-     ,),■ 
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Co!!oiJ,,l  Mct.illir  Sill  [chides  a  :\wV-x  and 


I'ict. 


n  ■•^). 


Solut 


foil 


i"ii..  of  metallic   suli)hiilcs    may   Ijc  picpar 
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2.  Tenth  iK.iinal  solutions  of  l)oth  potassium  cliromatc 
and  silver  nitrate. 

I  cc.  of  each  of  the  chromate  and  nitrate  solutions  each 
diluted  hv  the  addition  of  lo  ccs.  of  pure  water,  nave,  when 
mixed,  a  non-transparent,  turbid  solution  which  appeared 
reddish  vioKt  in  transmitted  lij^ht. 

1  cc.  each  of  tlie  salt  sohiticjns  were  then  diluted  in  turn 
by  the  addition  of  lo  ccs.  of  (i  j  su-ar  solution  I.  (j)  su'/ar 
solution  II,  (3j  su-ar  solution  111,  and  then  quicklv  and 
thorous;!il>-  ;ni.\ed. 

With  I  the  reaction  was  somewliat  slower  than  with  pure 
water;  there  resulted  a  transparent  red  solution,  with  no  ap- 
parent turbidity;  in  transmitted  h^ht  there  was  no  violet 
sliown.  .A  noticeable  cloudiness  apiieared  very  slowly  with 
standin*,^ 

Between  1!  and  111  very  little  difference  was  shown  ;  there 
appeare.1  a  turbi.lity  at  once,  but  much  weaker  than  in  the 
case  of  pure  water.  The  transparency  of  the  solution  <le- 
creased  on  standin[,s  much  more  rapidl\-  than  in  the  case  of 
-su^rar  solution  1. 


Il<t.  Mcclia)iiial  Ih's/^.rsion. 
.V,ix/u-  ,;,  /1W<7-.— As  an  example  of  the  mechanical  dis- 
persion of  a  substance  in  water  we  may  (juote  the  usual  method 
of  producing  hy.lrosols  of  many  of  the  natural  ^ums  (such  as 
mastic)  which  are  themselves  insoluble  in  water.-*  .'\  small 
()iiantity  of  mastic  Kum  may  be  easily  dissolve.l  in  ethyl  alcohol  ; 
a  few  drops  of  such  a  .solution  when  mixe,  with,  say,  luu  ccs.' 
of  pure  water  -ives  a  milky  white  |>ermanent  solution  contain- 
iiik'  iiitramicroscopic  particles.  The  mastic  content  per  cc.  is 
very  small,  and  the  resultini;  hy.irosol  is  exceedin^^dy  sensitive 
to  the  addition  of  electrolytes. 

//A    l-.hrtiiial  I'lilvcrizatioii. 
It  has  l.Mi-  been  known  that  an  arc  p.is.int;  betuccn  m.i.il 
electrodes  causes   the  disinte^;ration  <.f  the  electr.,des,  and    as 

J'.iradaN  'showed,  the  metal  is  ,le, ited  in  very  tine  particles 

;••    iiu      ill, inula*  inre    of    lojiouiai 


Itt'i'ili.i   '      I', ...  >    i:..  I    .1 

"■•         ■"  "■      Mi 
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solutions  b\-  causiiisr  the  arc  to  pass  below  the  surface  of  dis- 
tilled water  contained  in  a  vessel  of  clean,  very  insoluble  ^rlass  or 
porcelain.  He  employed  a  current  of  from  4  to  i  o  amijeres  with 
a  difference  of  potential  at  the  arc  of  from  30  to  100  volts, 
and  used  as  electrodes  chemically  :  ure  metals.  Care  should  be- 
taken thatelectro-iie-ative  metals  are  not  alloyed  with  electio- 
I)ositive  metals  in  the  electrodes  used.  In  practice  the  arc 
has  to  be  made  by  some  device  giving  intermittent  sparking 
between  the  electrodes;  by  the  use  <.f  a  motor,  variou" 
automatic  arrangements  may  be  made  to  serve  the  purpose. 
If  contamination  is  rigidly  avoided,  the  pulveri/.ed  metal  dis- 
tributes itself  through  the  licjuid,  giving  rise  to  a  transparent 
coloured  solution  which,  in  the  pure  state,  will  remain  stable 
for  any  length  of  time. 

The  intensity  of  the  current  used  in  the  Bredig  method  is 
harmful  when  the  electrodes  used  are  made  of  the  softer  metals, 
or  when  sols  are  attempted  in  organic  liquids.  For  this  reason', 
Svedberg-^  has  made  use  of  an  oscillating  discharge  from  aii 
induction  coil  between  special!)'  constructed  electrodes  of  the 
metals.  The  currents  used  were  of  the  order  of  i  o  milliamperes 
up  to  one  or  two  amperes,  the  voltage  being  from  30  to  200 
volts,  .so  that  the  heating  action  of  the  spark  was  much  re- 
<iuced.  \\y  this  means  he  greatly  extended  the  number  of 
both  hydrosols  and  organosols  produced  electrically.  (See  also 
.\h)rris-,\irey  and  I.cjng-".) 


( 'lic)iiii\,l  Dispersion   Mttluuis 

In  the  two  methods  of  preparation  include.l  under  this  head- 
ing, the  substance  to  be  produced  in  the  colloidal  state  is  first 
precipitated  in  an  ordinary  chemical  reaction  and  the  precipitate 
so  tr<Mte<l  as  to  induce  its  dispersion  throughout  the  hqui.l 
medi.i.  In  the  first  subdivision,  the  |)recipitant  is  freed  from 
some  coagulant  Celectrolyte)  by  washing  with  pure  water  ;  in 
the  second,  the  reverse  takes  place  -some  electrolyte  being 
added  to  the  preupitate  to  bring  the  I.Uler  to  the  .lispersoid 
slate. 


-'o    PHVS/CAL  /'A'OPJ.:A'r//-:S  of  COLIa>IIK\L  SOLL'TIOI^S 

//<■.     ir,is///i/i;-  of  riwipitatcs. 

Soliihlc  Moly!>:ianic  .  \cid  (Berzclius  -"j. 

This  hy.lratL-,  c.i,r.  piccipitiitcd  from  moiybdaii  chl,,iide 
by  aininunia,  is  soluble  in  water.  When  one  precipitates  the 
acid  witli  aaun)nia,  one  sees  that  at  fust  the  precipitate  redis- 
solves;  finally  this  action  ceases  an.l  the  iiy.lrate  is  then  com- 
pletely precipitated,  because  it  is  insoluble  in  water  containing 
salts,  particularly  the  ammonium  salts.  When  these  are 
eliminated  by  washini,'  out  the  precipitate,  the  hydrate  be-ins 
to  dissolve  a.-ain,  and  finally  it  completely  dissolves  to  produce 
a  reddl^h-)■ellou•  liquid— a  h)-drosol. 

lid.  l\'pli.:alio)i. 
liy  the  addition  of  acids  or  alkalies  to  the  precipitate 
(li>'l''o-elj  from  some  colloidal  solutions,  Graham  '  was  able 
to  brint;  the  substance  into  the  hydrosol  state  a-ain.  From 
the  analog)-  between  this  action  and  the  solution'  of  insoluble 
colloids  dnrin-  the  process  of  animal  digestion,  Graham  called 
the  above  operation  peptization.  It  is  a  method  uliich  lias 
been  empl.^yed  with  a  great  variety  o-  reagents  b)-  many 
chemists  since  die  time  of  lier/elius. 

Colloidal  Aluiiiin/nin   (hide    '.Muller''). 

SO  ccs.   of  an  aluminium  chloride  solution  of  2-448   per 
cent   ALOj  content  u  is  placed  in  a   flask,  diluted   with   water 
an.l   precipitated   with    ammonia   at   the   boiling-point   in   the 
manner  usuall.v  pursued  in  analytical  chemistry.      Tjie  solution 
was  filtered  and  the  precipitate  carefully  washed  with  iiot  water 
and  then  emptied  into  a  flask  to  which  some  2COcc.s.  of  water 
was  added.      Hy  means  of  a   burette  small   (,uantities  of  i  'jo 
N  hydrochloric  acid    solution  were  ad-led  and,  after  each  such 
addition,  the  i1ask    was   again    brought   to   the  boiling-point, 
the  ualer  lo.t  by  evaporation  being  constantly  sup[)lied.'      Ihe' 
'"ll"un,o  phenomena  were  noticed  :  after  the  addition   of  the 
hist    traces   of  the   acid,    the   precipitate   was  aj.parently    un- 
changcl  ,    with  l.nth  -r  ad.lition,  itassunu-d  r.  slimy  consistency  ; 
■-•-■i>.   ih.    p., mi    was    readied    wliere   the  original    liydrogel 
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which  lay  at  the  bottom  of  the  flask  in  masses,  ch'stributef]  it- 
self in  a  completely  uniform  manner  through  the  liquid,  where- 
upon the  latter  assumed  an  opalescent  aspect  and  passed  easily 
and  completely  through  a  filter  paper. 

4.    Classification    accordinc,   to   rinsicAi.  FRorKRTiKs. 

The  first  attempt  to  classify  colloids  under  this  head  is  due 
to  Hardy ,^  who  divided  all  colloidal  solutions  into  two  classes 
which  he  called  reversible  and  irreversible.     Although  not  the 
original  intention  of  Hardy,  this  division  now  depends  on  the 
characteristics  of  the   dried  residue  left  after  evaporating  the 
solution.      If,  as  in  the  case  of  gelatine,  the  residue  will  dissolve 
again  in  water  and  reproduce  the  colloidal  state,  the  solution 
is  said  to  be  reversible  ;  if,  on  the  other  hand,  as  in  the  case  of 
the  Brerlig  metal  sols,  the  dried  residue  cannot  be  redissolved 
in  the  liquid  so  as  to  give  the  dispersoid,  the  solution  is  said 
to  be  irreversible.      These  two  classes  are  almo.st,  but   not  en- 
tirely, co-existent  with  those  of  the  other  classifications  indi- 
cated   in    Table   H.     This    classification    contemplates   dried 
residues.      However,  in  the  solutions  of  the  irreversible  class 
there  are  great  differences  of  behaviour  of  the  residue  when 
the  latter  is  not  thorouglily  dried.     Some  solutions,  such  as 
copper  ferrocyanifle,  can  be  rei)r(  <luced   if,  to  the  moist  coa- 
gulum,  a  particular  stabilizing  ion   be  added  ;  in   tact,  the  dis- 
I)ersion   method  of   peptization  is  this  (.jwratinn  on  a  moist 
coaguium.     On  the  other  hand,  it  is  impossible  to  redissolve 
tlie  coaguium  from  a  Bredig  metal  sol,  even  if  it  is  treated  i„ 
the  moist  state. 

A  second  characteristic  bv  which  these  solutions  mav  be 
differentiated  is  their  action  when  electrolytes  are  added  to 
them  ■'  Colloidal  .solutions  differ  in  their  relation  to  small  con- 
centrations of  salts,  s,.me,  such  as  the  I,ydroso!s(,f  metals,  „| 
silica  and  of  alumina,  are  precipitated,— and  other,  .iepend  fnr 
til.  -stability  upon  the  presence  of  salts"  (lla^lv^;  others, 
.such  as  sols  with  .s,hi,t~.k-otloid,;  ,|o  not  svm   to  Ik-'  afferte.j  by' 

»l l.ii;    ..II.,  .        .  -' 

t:r-    ,:•,:•.::;;•.;;:  ;:;   eicCii'.  mVUj^.        :\   tiosr  snui\-   of  ijlc   m(-tho(|s  o| 

preparation  suggests  wide  differences  in  thJ  ekctrois  tic  content 
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of  different  solutions,  and  consequent  differences  in  their  be- 
haviour toward  added  electrolytes. 

A  third  important  physical  property  of  the  particles  of  the 
solutions  is  the  sijrn  of  the  char-c  which  they  bear.  Solutions 
belonpinj,'  to  any  sub-group  might  ultimately  be  divided  into 
two  sets,  according  to  whether  the  particles  are  positively  or 
negatively  charged.  No  very  exact  rule  may  be  laid  down  in 
this  regard,  except  that,  in  general,  oxides,  hydroxides  and 
sols  of  easily  oxidizable  metals  usually  have  positively 
charged  particles,  while  materials  which  do  not  easily  oxidize 
give  negatively  charged  particles.  In  the  case  of  globulin,  if 
the  sol  is  acidic,  the  particles  are  positively  charged  ;  if  basic, 
negatively  charged. 

The  behaviour  of  the  suspensoids  as  to  reversibility  and 
irreversibility,  and  their  sensitiveness  to  adfled  electrolytes, 
leads  us  to  a  classification  which  may  be  useful  in  under- 
standing colloidal  solutions  in  general.  As  noted  above,  the 
emulsoids— solutions  of  such  substances  as  gelatine,  agar-agar, 
etc., — need  no  further  classification. 

I.  First,  we  may  gioup  together  those  which  liave  the 
appearance  of  very  fine  suspensions  of  quite  simple  uniform 
particles  ;  they  are  noticeable  in  their  extreme  sensitiveness 
to  arlded  electrolytic  solutions,  and  have  usually  a  very  low 
electrical  conductivit\-.  Under  this  class  are  included  the 
Rredig  metallic  solutions,  Zsigmondy's  gold  .solutions,  etc 
They  have  in  general  a  very  small  amount  of  the  disperse 
phase  [M-esent  prr  cc.  of  solution  ;  Hredig  sols  have  metal 
present  to  the  order  of  lo  mgms,  per  lOO  ccs. 

II  and  III.  Closely  allied  to  those  named  above,  we  have 
a  large  class  which  depend  for  their  stability  upon  a  trace 
of  salt  absorbed  by  the  colloidal  particle.  '  For  example, 
Duclaux-"'  prepared  his  solutions  of  colloidal  copper  ferrocy- 
ani.le  by  the  reaction  of  potassium  ferrocvanide  on  cupric 
rhtoride  and  found  that  the  colloidal  particle'  (copper  ferrocy- 
ainilr  entanglol  a  certain  (juantit)'  of  potassium;  as  the 
|.erc.iita-r   ,,f  potassium   was   decreased   the  stal.ilitv   of  the 

ri>ll.,;.!  ,1 1     1    ,1.  .  ■    ■        .  „      .     . 

■■  ■'•'■■'■   ••••■-   j..i:;.L.v  .  i^ii.icii  ill  i.(i,ij_;iiiai(.-  \\  iicn 

the  i)otassium  content  was  reduced  to  zero.       The  coagulating 
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power  of  electrolytes  appeared  to  hi.n  to  be  due  to  the  sub- 
st.tut.on  of  a  new  ion  for  the  potassium  of  the  ,,artide, 
although  ,t  is  not  quite  clear  hou- this  action  results  in  co- 
aij^ulation. 

As  to  additional  members  of  this  class  ue  mav  cite  the 
foJiowin.Li  facts  : — 

(a)  Hardy  .^dves  the  example  nf  acid  and  alkali  globulin 
as  a  true  example  of  this  class-the  acid  ^dobulin  retaining  the 
ne.c[ati\e  radical  of  the  acid,  etc. 

(J>)  The  historically  important  ferric  hvdrate  colloidal 
solution  depends  for  its  stability  on  a  trace  of  the  retained 
ferr.c  chloride,  as  dialysis  to  remove  the  chloride  brin^^s  about 
coagulation. 

(c)  Purified  e--albumen  ahvays  cr.ntains  chlorine  enou-h 
to  react  on  silver  nitrate.  "" 

'^   Silicic  acid  nearly  always  contains  traces  of  potassium 
sodmm.and   hydrochloric   acid;    continued   .lialvsis  produces' 
coagulation. 

'/)  The  metallic  sulphides,  e.g.  arsenious  sulpbi.le  and 
antnnony  sulphide,  probably  de,,end  for  their  stabiiitv  upon 
a  slight  trace  of  entrained  hydrogen  sulphide. 

It   is  important   to  point  out  that  in  some  c  ;th 

copper  ferrocyanide  and   silver   iodide,  after  the  coa-nii. 
•-.rmed,   addition   of  the   particular   stabilising  ion   in   certain 
concentration  to  the  moist  coagulum  reproduces  the  colloidal 
"Tr  '        "'"    '"    -•'^'•t'n--    colloidal    sols    might    be 

caled  reversible,  if  u.  change  the  definition  of  reversible  to 
make  it  ref.:r  to  the  behaviour  of , be  moist  coagulum  instead  of 
<  ry  residues.  This  leads  to  a  subdivision  of  these  suspensoids 
stab,  ixed  by  an  entrained  ion,  into  those  perf^-ctlv  irreversiblJ 
and  those  reversible.  Such  colloidal  solutions  a;  the  metallic 
Imirosulphides,  ferric  hydrate,  etc.,  uh..,  once  coagulated  for 
-ai-iated)  cannot  be  changed  back  into  dispersoids  bv  the. 
washing  of  ,he  precipitate  -or  residue,,  or  bv  the  addition   of 

^':'''';7^""'^'       ^'"    ^'-'-'-'I.UHl.th/larg..    number   of 
-"""1"1  solutions  pn.p,.„-ol  by  the  method  knoun  as  p.p,i,,.. 

"""   ■"•'■  '■^■amples   of  the   re-s,,lutlon   ,,f ;,..    .,.,......,... 

>..ch   sol.,i„n.   „,„,oseofsil,nc   acid,   various   oxid^aiKl 
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hydrnxifk's,  copper  and  iron  ferrocyaniries,  silver  iodide,  etc. 
All  the  solutions  of  these  two  sub-classes  have  a  much  lar-er 
•hsperse  phase  content  per  cc.  than  the  solutions  of  the  fTrst 
class. 

IV.   Cassius  purple  affords  an  example  of  what  may  really 
prove  to    he   a    lar-e   class  ;    namely    those    solutions'  whose 
particles   are   really   complexes   of  two  different   kinds   r.f  ir- 
reversible colloidal    particles.      •■This    purple,   an   apparentlv 
homogeneous    .^^elatinous    precipitate,    was    looked    upon    by 
Berzelius  as  a  chemical  compound  of  stannic  acid,  -old  oxide 
and  t;     oxide,  on  account  of  its  apparent  homogeneity  and 
Its  solubility  in  ammonia.     Other  authors  called  it  a  mixture 
of  metallic  -(,1(1  and  tin  oxide.      The  formula  which  Berzelius 
adoi)ted  for  his  compound  was  in  such  -ood   a-reement  with 
the  anal>-sis  that  there  was  no  way  of  decidin-  the  question 
anal\-ticall\-.      It    was    first    shown    by    synthesis    of  the   -old 
purple  from  its  components  that  it  was  not  a  chemical   union 
but  an  intimate  mixture  of  colloidal  -old  and  cdloida'  stantiic 
acid.""     .As  in  the  case  of  silicic  acid  and  stannic  acid,  which 
are  chan-ed  from  coa-ulum  to  solution   by  the  addition  of 
alkali,   so  also  alkali    added   to   the   Cassius   purple  hvdro-el 
(coa-ulum)  reproduces  the  hydrosol  state. 

V.  This  sub-class  owes  its  existence  to  the  peculiar  action 
of  emulsoids  and  other  substances  on  irreversible  solution.s. 
It    is    noted    above    that    colloids    of    this    latter    class    are, 
k-enerally    speakin-     keenly    sensitive    to    additions    of   com- 
paratively   small    traces    of  electrolytes,    while   thcjse   of   the 
former  class  remain   in  solution  even    in  the  presence  of  lar-e 
quantities  of  electrolytic   solutions.      \\y  addin-  a  very  sli-ht 
trace  of  a  reversible  colloid,  e.-,   -clatine,  to 'an   irreversible 
colloid,  the  former  acts  as  a  jirotector  to  the  particle  of  the 
irreversible  colloid   so  that  the  latter  is   no  lon-er  coa-ulated 
by    salts.      .Moreover,    if    the    mixture     be    evaporalol,    the 
colloidal   solution   may   be   reproduced   bv  diss,, Kin-    in    pure 
water.      G,.>latine  added  to  the  .s,,lulion  of  sub-class  ;  i"")  assumes 
the    n,Ie    of   .a    pmtective    colloid    iSchiif  kolloi.l  .      (^d.-.tine 
■mV\^-^\    to    .solutions   (,1     silver    nitrate    and    pnta-^iiun    indide 
j'roduces  on   mixin-  the  two  soluti,,ns    a   pn.tected   colU.id, 
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silver  iodifli;;  Caie.v  I-ca's  siKcr,  I'aal's  l;o1(1,  Mwhiau's  colloidal 
indi^'o  bcloiii;  to  this  class." 

It  is  probable  that  the  protcctiiiL;  substance  forms  a  -hell 
about  the  irreversible  particles  (I.ecfxi  "") ;  solutions  of  this 
sub-class  then  ajiproach,  in  their  properties,  tiiose  of  the 
cmulsoid  section. 

In  Table  IV  is  arranj^ed  diaL;ranimatically  the  fore^'oiiiij 
classitication,  to,Lj;ether  with  soiTie  examples  of  the  solutions 
beloiiLjiiif;  to  tlv  varidus  classes,  I'"roni  this  classification 
one  niaj-  expect  i;reat  \ariety  in  the  properties  of  the  various 
colloidal  solutions;  the  mert^in^  of  one  class  into  another 
makes  an\-  definite  theory  of  the  colloidal  state  a  difiiicult 
mattc'r. 
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cii.\rji;K  III. 

I  III-    ri /I  KAMICKOSCOl'K. 
r.    I.lMiTATlMX.s   ,M     Tin;    HkIUWUN     MlrKoMMl'l.. 

"Till.  lii^tMiy  ,,f  the  modem  niicniscop,-,  i,kc  that  of  nations 
and  arts,  has  had  its  hrilh'ant  p-Tiods,  i,,  whicli  it  shonr  with 
uncominou  s|)hT<loiir,  and  was  rultivat.-d  with  extra,  .nh'nan- 
ardonr;  these  perio.js  have  heen  succeeded  by  inter\als 
mark,  d  with  no  .h'scover\-,  an.;  in  which  tlu'  science  seemed 
to  fade  away,  <ir  at  least  to  he  dormant,  till  M,me  lavoinaMe 
rircnm>ta!ic,>  the  di-c,,ver\-  of  a  new  ohje,  t  or  s.,nie  neu 
liiM-rovem.-nt  in  the  means  ,,f  oh^ervation  awaked  the  atteii- 
tion  of  the  curious  and  reammated  tlie  spirit  of  reseai,  j,, "  i 

The  ordinary  micmscpe  mav  !,<■  s.uM  to  play  two  distm.t 
rol.^s  in  scientific  investij^atu.n  ,  first,  .t  ma\  he  use.!  to  in- 
<li..ite  the  existence  of  minute,  virtually  selfduminous  oh|ects 
without  -uinj:  one  an>-  .lirect  e\  idenc.-  of  th.  ir  a.  tu:d  si/c. 
shape,  or  detail  ;  and.  secondly,  as  is  more  ;;<Mierall\  the  case," 
it  miv  he  used  to  p.,rtra>  to  us  the  real  nnnut,  .t.uctme  of 
the  ol)ject— a  Circiim-.lance  uinVh  depends  on  tile  al.ihlN  ,,| 
tlicin-.tnimrnt  to  Rive  dr,tin.  t  ima^;es  ,,f|wo  p,,n,l,  ,,tiiated 
vrr\-  close  to  one  another 

A    .lia-ram   of   the    ,  ourse    o|    h^dit    tln,,u:.;h    the    modem 

•■■'""I "'     "licrnscoiH.-    ilhistrat.s    iju-     tw..     ph.-es     in     the 

(level., pment  m  construction  dinin-  the   uh-le    hist,„\-   ,,|   the 
inirmsc.p,-,  namely:  ( I ;  perfectiuii  of  the  metiiods  ,,|  illumnia 

•HmmostsuitahletoaK'ivenohi.ct.r.Mhe, .t  adv  antai.eons 

transmission  of  the  imajrus  lo,me,l  t,,  the  o|,  ,  r\,  is  ,vr.' 

I'ptoahout  thevear  lS;n,.!,MlU   lin  .  Mr;l,  the  nnlo,  t  un..l, 
l"l^    o(  co-.>|M-ration    hetwecii    maiuMactii 


trained     scJcntiHl- 


ctnrui;;     optK  I, IMS    and 
.<;ivailC<  .     inaii.-     will-,     Ml    the     mam. 
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the  results  (,r  laiiil.Mu  attempts  f.  improve  micioscupic 
viMon  hy  perfecting  ul.jectives  ami  vai yiii.t;  tlie  cliuxlio.i  of 
the  iiiciilence  of  the  illiimiiiatin--  pencil  ofli-ht.  Only  when 
the  mannfactnriny  world  he-.in  to  appreciate  the  necJssity  of 
.-uKancini;  alonj;  exact,  scientific  lines  was  the  whole  .piestii^n 
"I  microscopic  visi,,n  nnified  ;  to  Professor  Abbe,  supported 
as  lu-  ua-.  In  the  laith  r.f  iju-  .;lass  inannfactnrer,  we  .,we, 
moi,,  th.an  to  any  other  one  man,  the  decree  of  ijerfectiori 
which  h.as  now  been  att.ained 

I'he  increase  in  useful  nia>,rniflcation  possible  with  tiie 
microscope  is  subject  to  limitations  uhich  \,e  ma\-  ^M(nip  into 
three  classes  : — 

(,i;  Structural— corrections  are  llece^sal\•    for   such    faults 

as  spherical  and  zonal  aberrations,  chromatic  aberrati ;md 

1"  ttihil  conditii.ns  for  the  identity  of  position  of  the  chromatic 
(.aiiss  pi,  u-s,  the  sine  condition,  etc.  These  corrections  re- 
qime  the  multiplication  an.l  spacin-  of  the  'enses  used,  uhich 
in  turn  invulves  losses  of  liolu  bv  reflection  and  absorption.- 

(-')  I'hysiolo-^ical-  -object  i^dasses  re.ich  the  limit  of  their 
useful  de\elopment  m  the  direction  of  incre.isint;-  ma-ml\  in- 
|.oucM-  so  soon  ;i-,  by  the  shorteiiinj;  of  the  focal  leni;th,'  the 
diameter  of  the  object  i.;lass  in  its  principal  plane  is  reduce.l 
to  somethini;  not  much  less  than  the  diameter  of  tiie  pupil  ,,f 
the  eye.  Object  -lasses  can  be  made,  ,ind  have  been  made, 
uith  as  du.rt  a   focal   leii-th   as    1    50   in.  ( I  20  cm  ),  but   ihey 

■  lie  mere  curiosities,  i)ossessinf,r  no  jiractical  ad\anla^;e  ovJr 
''"■  I   •'^,  I    I'l,  or  I    I  J  ir    III  common  use.' 

(1;    l);llr,irti,Mi,il      t,.,-  phenomena  ofthe  diffraction  of  li.;ht 
le.illy  sets  111,' hunt  lo  the  rcolvin;;  power  of  1  i^iveii  micro.scope 

■  iu<\  brin-s  into  prominen,  ,•  tlie  numerical  aperlii  <■  of  tiie 
"l>J<Mive,  the  method  of  illumination  emplojed,  .ind.  as  a 
con.c.jiieui  e,  the  \,iiiou->  imiikisioii  objectives. 

\lthou.;h  the  impoitance  of  the  (oruai.Mi-,  for  -.pheii,,d 
•""I  'lit"iii,aic  ,d.erratioiis,  aiul  even  tlu-  functi.ui  o|  Lnv.e 
■'i'^ '■''"'  ■""'  iiiiuhiMon  ..bjeclives,  |,,iv,-  i,i-,.|i  hmted  at 
by  early  work.M.  unh  the  microscope  ,ilooke,  100=;,  and 
Martin,  i;-!-',  etc  i. -.till  thesystematicaft.uk  on  these  dilti 
i-.i.l;;-,     did     in.;    iiiaieiiaii/e    iiiilii    ijie     iasl    (iiitui>.       Maiiv 
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mamil.ictiners,  l.,,t!nn  iMi-lan.l  and  on  thcC'niitiiicnt,  cMitiiiii- 
a!l\-  Avovc  to  piodiuc  c..iiil)iiiati(.n->  nf  Icnsrs  of  varimi-,  s1,;iim_-, 
an. I  of  Hint  and  cn.wn  ^lass  such  as  vmild  d,,  ;,h;i\-  will, 
spherical  abcrratinn  and  unite  in  .mic  focus  h.^ht  of  two  diff.,  ivnt 
waved ciiy tils—  ,cd   acliroiiiatic  objectives.       It   had    h.    ,, 

suyi,'este(l  first  ir  David   Brewster  that   "  no  evsentiai    iui- 

proveniciit  can  ne  c  .pected  in  the  microscope  unles-,  from 
tlie  discovery  of  some  transparent  substance  uliich,  hke  tlie 
diamond,  combines  a  high  refractive  with  a  low  dispersive 
I'ower".  Diamond  (;/  =  2-417)  objectives  were  made  bv 
I'ritchard  in  l.Sj.),  l)ut,  inadditi,.n  to  liein- a  \er>  refractory 
suiistance  to  work  witli,  (h'amond  almost  invarialiK  -avc  mul- 
tiple imajres  instead  of  a  sin-leone.'  About  1875,  hi  consul- 
tation with  I'rofessor  Abbe  and  with  the  co-oj)eration  of  Carl 
Zeiss,  the  i^lass  firm  o|  Sch,,tt  .\:  (ieiiossen  lH-;,n  an  ex- 
haustive series  of  experiments  .,n  the  production  of  n.w  croun 
and  nint  ^dasses  which  sh..uld  .oitd)iiie  hi^^h  refractive  with 
low  dispersive  po\\ers.  Ilu-  net  result,  as  re-ards  microscope 
objectives,  has  been  the-  production  o|  the  so-called  .ip,,,  hro- 
matic  objectives,  uhich  have  the  folhiui,,,;  .list in-uishing 
characteristics  :  (1  )  the  union  of  three  different  col,,urs  of  the 
siK-ctrum  in  one  point  of  the  axis,  i.e.  the  elimination  <,f  the 
secondary  spectrum  left  uncorrected  for  in  the  old  achromatic 
objectives;  J;  the  correction  for  spherical  aberration  for  tuo 
<lifferent  colours  instead  of  onl>- one.  On  .i.comit  oflheluinis- 
i.herical  Iront  Km.s.  .,11  ,  ,|,jri  lives  of  coiisi.ier.d.le  apeilnre 
exhibit  chromatic  difference  of  maj^nifi.  ,itioii,  '.Nhiih  has  t,,  \,c 
C(.mpeusatc(l  for  in  the  ocular.  Hie  limd.imental  point  111 
this  prot^ress  is  that  the  necessils  of  em,  irici!  tests  lias  been 
eiitir<'l\  obviateil  by  piecise  luatlu-inatK.d  eominitalion  of 
i-\<iy  ilet.lil  of  loiistrUi  tioil. 

It  uas  earl>  found  b\  practical  opticians  that  the  results 
obtained  by  us,n^;  a  pouerful  objectiv,-  and  a  weak  e\  epiece 
were  b.tt.-rthan  those  obt,un.-d  vwth  .1  u,,,kr,  obj.Mix,".  ..nd  a 
more  poucrhll  eyepiece,  .,ltho,,.;h  tlh  !he„,etu,d  nu::niti.  at  ioi, 
in  th.-  two  cases  miidu  !„•  the  -.nue  We  ,iou  know  ijui  this 
;'/"''•"'""'    '■'  ''"'    '"  ""■  l'r;:.r  nuuieiK,,!  ape,  tuie  posscsed  by 

ni'ile      |lo\Mlll|l      , line.  III.  II,..      .1 1,    ..,__,.,  f    I 

■  :-i<iTictii    t;t  iarycr 


Ilu 
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;i])LMliirc  u-orkrd  iAihv^  t\\ci  lines,  fiiNt  inrrcly  impruviii^r  tlu; 
poucr  of  dry  fair  iil)jccti\  cs,  and  sci-cmd,  incic.isiii^  the  efTec- 
tive  aiicrtiiie  of  ruiy  <j,\\vn  ohjeclise  by  tlu;  introdiutidii  of 
some  li(iuid  between  tlie  cover  i^dass  and  the  objective  fso- 
called  immersion  ol)jectives).  'I'lie  impor'i.nce  of  lari^e  aper- 
ture and  iininersion  objectives  was  vaL;iie!v  siiq.Liested  by 
Hooke,  uliile  definite  instructions  for  what  was  practicilK'  an 
inunersion  objectixe  were  L^iven  by  15rewster  in  iSu,  and  bv 
Amici  in  iSiv  Later  bolli  (iorini;and  Lister  reiterated  defi- 
nitely the  neces-,it\'  for  a  lar^e  ai)erture.  About  1840  Amici 
used  an  oil  immersion  objecti\e  but  did  not  work  out  tlie 
shapes  of  jiis  lenses  so  as  to  correct  fci  aberration  iitroduced 
by  the  oil.  Various  makers  iiroduced  about  tlie  middle  of 
the  centurv-  very  perfect  water  inmiersion  objectives;  in  1  MO7, 
Hartnack  and  I'ra/nowski  obtained  the  jirize  al  tlie  World's 
I'.xposition  at  I'aris  for  the  lust  water  immersion  objective, 
liie  first  scientifically  corrected  oil  immersion  objective  \^as 
produced  b\-  lolles  of  Boston  in  iS;^'  The  culmination  of 
tills  work  was  tlie  careful  research  of  Ab.  undei  the  /eis^^lrm, 
which  resulte.l  in  the  discoverv  o|  the  uni.jue  jjroperties  .,f 
cedar  oil  rfrom  //ii//^\'ni.<  :'//x///.;///,t  .  Abbc\  attention  uas 
probabl)-  ilrawn  to  the  imi)ortance  ol  a  iiomoL;eneous  immer- 
sion system  !)>■  .Stephenson,  dmin^  the  former's  vi-.it  to  London 
abiMit  iSr.v  liu-  advanl.ii;cs  of  the  oil  immersion  bound  u|) 
witli  tlie  ionsei)ueiit  increase  in  numerical  .i|>eituie  are;  j^.mi 
III  illumination,  freedom  from  io\er  -l.iss  (orrectioii,  simpler 
coirection  for  Kiise-,,  i;ie,itir  deptii  of  louw,  increased  n  solu- 
tion 

riie  al)  \e  mentioned  \isil  (if  Abbe  to  I  oiidoii  ;;.t\chim 
tile  opportunit\  to  inioMluce  ;it  lir.t  Imid  to  an  i'.n^lisii 
Jiudieiice  liis  \  iew  of  the  luiiition  ol  the  numeric  ,il  .ipeitiire 
in  CMntradi-,tiilitioii  to  tlie  aiij,'iikn  apei  tin  e  ol  ,111  ..bjci  live, 
and  his  tlieoi)  of  the  relation  of  diltraction  to  tnicroscopic. 
iiiiaj;'-  formation  l'iilMrtuiiatel\  these  \iews  precipitated  a 
schism  III  the  Links  ,.!  hn-lidi  micr.. ,,  ,.|.i  ,ts  ,uid  dela\e<l 
foi  main  >e,ii.  lMit;li  li  mido.Mpie  de\  eli  .pmeiii  vvliuli  h.id 
been  so  maiked  fnim   iX^n  ti.  iS's 

I'aiiiilel    uilh    tile    iiii  lease   ot    iiimuiii.il    iipiiline   .ind    tlie 
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;i'lu|,tion    ,,|     ii)iiiK:r-,i,,n   (,l.jcctivLS,    various    incllio.l.s    of  ,,h. 
Ii<iuc  ii!uininatinn  udv  ,lcvisc,l.      ()hli,|iic,  or  dark  :;iouii  1,  il- 
luiniiiati<.M  was  usol  |.articiilarl\-  in  i)..rtra\ii:-  Hue  s'triicUiix's, 
the  visible  detail  of  which  (lepciKJe,!  ,,n  the  a/.iiiiiith  ..C  the  iii- 
ci<leut  pencil.      Such  illiiininati.Hi  was  fust  sii-wvsted    by  K,.ss 
:u"l  Keade,  but  was  brought  into  [.loniinence  b>-  the  extensive 
work  orWcnhani  in-innin-  about  1S50.      As  we  shall  see,  tiic 
invention  of  the  ultramicroscopic  nietliod  is,  in  a  sens.,  a  redi- 
covLM-y  of  one  or  other  of  the  various  methods  of  dark  ^,round 
illumination    common    amon-    Kn-lish    microsco|)ists  "hi   the 
seventies;   indee.l,    many   of   tile   receiitl)-    invente.l    lorms    of 
ultramicroscopcs  are  almost  exact  replicas  of  earlier  forms  of 
"hlique     huninators.      However,  pr,.i,r,-ess  in  illumination  was 
not  contined   especiall\- to  oblique  illumination;  the  study  of 
the  numerical  aperture  of  the  objective  has  brou-lit  intoeiiuai 
pn.minence  the  neco.ity  of  a.lju.tin-  by  means  of  a  sub-sta-e 
c.mdenser    the    .,rdinary    illuminatiiiL;    cone.      l"ur    the    mo"t 
elticienl    um-   of  a   -iven    powerful  objective,  we  mu-t  carefully 
arran-e  by  means  of  the  condenser  the  direction  .and  aperture 
oi  the  illuniinatinL;-  cone  of  lit'ht. 
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.Naturally  the  i-ro-ress  in  nucroscopy  i-,  the  hi^tors-  of  the 
tw.i-l.,ld  att.  :npt  to  push   farther  and   farther  the  limit-  of  (ij 
the  small  objects  and  (j;  the  minute   detail,  win.  !i   can    be   re- 
vealed   In-    the    instrument.      In    tiie    first    cas.'   it    is  merely  a 
niatJei   of  the  inleUMts   <A  the  illumin.ition  of  the  small  obje.'ts; 
the   microscope   would    leveai    to  us   the  e.\istence  of  a  sin-lj 
molecule  if  it  were  p.  ,ssible  to  illummate  that  molecule  intensely 
enough,      IIowe\er,  the  problem  of  j)ortra3in^r  inimite  detail  is 
'ath.r  more  important    because   it   reduces  itself  essenti.ilh    to 
ih.it   of  distinKiiisiiin^r  two  nei-hbouring  illumin,.U<l    p.,iiils, 
■•'"r  althoiij^h.  ^riven  the   illumination,  we   mi-lit    see   a   sin^jle 
molecule,  when  weha^e  a  collection  of  molecules,  or  any  small 
I'oiius,  ,„n  .d.ilily  todifferentiatethem  de|vnds  on  the -list, iiic  e 
i)etwe.'n    the    nei-hbouriiu;    partules.      This    .smallest    limitinj; 
•  hst.uice    belueen    luo    illuminated    points    in    or.ler  that  they 
:::.;y    :;e   ;;;  .t    di-,tiui.(nsii,,i,ie,    ,)„■    iJmit    of    lesolutu.ii    (,|     ihe 


THE   VLTRAMICROSCOrE  ^^ 

microscope,  has  been  uork-d  out  independently  in  two  differ- 
ent ways  by  Helmholtz  and  Abbe. 

In  the  work  of  Helmholtz  the  method  followed  isanaloRous 
to  that  used  by  Airy  in  treating  of  the  same  problem  in  rela- 
tion to  the  telescope.     It  consists  in  tracing  the  image  representa- 
tive of  a  mathematical  point    in  the  object,  the  point  being 
regarded  as  self-luminous.      The  limit    of  resolution   depends 
upon  the  fact  that,  owing  to  diffraction,  the  image  thrown  even 
l>y  a  perfect  lens  is  not  confined  to  a  point,  but  is  spread  over 
a  patch  or  disk  of  light  of  finite  diameter  (called  the  spurious 
disk  or  the  antipoint).     Two  points  in  the  object  can  appear 
fully  separated  only  when  the  rej.resentative  disk>  are  nearly  clear 
of  o.'.e  another.     The  following  method  is  given  hy  Rayleigh  « 
as    a  fietermination  of  the  resolving  power  of  an  opticarin- 
strument  for  a  .self-luminous  double  point,  applicable  ccpially 
to  the  telescope  and  to  the  microscope. 

L' 


?^ 
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"  III  l'"ig.  I,  Al^  represents  the  axis,  A  being  a  point  of  the 
object   and    H  a  point  of  the  image.      i^y  the  opcr.ition  of  the 
ol.ject  glass  I.[ .Z  all  the  rays  issuing  from  A  arrive  in  the  same 
phase  at  B,     Thus  if  A  be  self-luminous,  the  illumination   is  a 
maxnn.nn  at  H,  where  all  tiie  second,.r>-  waves  agree  in  phase, 
B  IS  u.  fact  the  centre  of  the  diffraction  disk  which  onstitutes 
the  image  of  A,      At    neighb.un'ing    p,,i,,ts   the  illunination  is 
l-^s,  in  consequence  of  the  discre|);nicies  of  ph.ise  wlii. !,  there 
enler.       In   like  m,!nner,  if  we  take  a  neighbouring   pnint    I'  in 
"!''   I'l.me  .,f  the  object,  the   waves   which   is-ue   from   it    will 
■nriv   ,,l    li   with    ph.tses   no  longer  alw.lutelv  accordant.  .n,d 
'!"■   di-repancy   ot    phase   will    in.naM-    as    the    interval     W 
'nraases       When   the   inte.val    is  veiy   small   the  .liMrep.mcy 
'■r    piMs,.,     though     mathem,atically    ex-istent,     produces     „o 

• ■  '•■'■    "'^  ::::j;Mw;riCiOi^   .iT  ji  .  iui:   io    i'  is  a^  ill! 

I""t'»"t   ,.sth,U   dueto  A,  the  ,nlen,iiie,,,f  the  luo  luminous 
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centre     bcihg  suppose.l  aiual.      Under  these  conditions  it  is 
clear  that  A   an<I   1'  are  not  separated   in    the    image.     The 
questujn  is,  to  what  amount  must  the  distance  AV  be  increased 
m  <"der  that   the  difterence  of  situation   may  make  itself  felt 
m  the  ima-e.      This  is  necessarily  a  question  of  degree  ;   but  it 
'loes  not  reciuirc  .letailed  calculations  to  show  that  the  discrep- 
ancy first  becomes  conspicuous  when  the  phases  o.rrespond- 
ing  to   the  various  secondary  wa\e,^  which  travei  from  P  to  B 
range  over  about   a  complete  periorl.      The   illumination  at   W 
due  t<.  1>  then   becomes  comparatively  small,  indeed  for  some 
forms  ol   aperttue,   evanescent.      The  extreme  discrepancv   is 
that   between   the  waves  which   travel   through   the  outertnost 
parts  of  the  object  gla.ss  at  I.  and  I.  ;  so  that,  if  we  adopt  the 
above  standard  of  resolution,  the  question  is,  where  must  P  be 
situated   n,  order  that  the  relative  retardation  of  the  rays  PI, 
and  \'\.  may  on  their  arrival  at  B  amount  to  a  wave-length  (X) 
l>i  vu-tue  of  the  general    law  that   the  reduced   optical    path  is 
stationary  ,n  value,  this  ntardation  may  be  calculated  without 
a  lowance   for  the  differer.t   paths  pursued  on  the  farther   side 
f'f  L,    L,  so  that  its  value  is  simply  PL  -  Pi;.     X„,v  since 
Al   .s  very  small,  AI/  -  I'L   is  equal  to  AP  .  sin  „,  where  a  is 
the  semi-angular  aperture  LAB.      In   like  manner,  PL  -  AL 
lias  the  same  value,  so  that 

ri--ri.      2.  A  P.. sin  „. 

According  to  the  standar.i  adopted,  the  condition  of  resolution 
IS  therefore  that  A  I",  or  e,  should  exceed  \  X  sin  a.  If  ,  be 
less  than  this  the  inmges  , overlap  too  much  ;  while  if  ^  greatly 
e.xceed  the  ,d,ove  value,  the  images  become  unnccessarilv 
separated 

"'"  ""•  abnve  argunienl  the  whule  sp,.ce  between  the 
"'•1'"  and  the  lens  is  supposed  to  be  occupied  bv  matter  of 
one  refractive  in-lex,  and  \  repres,-nts  the  wave-length  in  the 
'""'"""•■'  "''•  l-Md  of  i,,h.  employed,  if  the  restriction  as 
'■  ">.i|,,,,„„y  be  viniated,  what  we  have  ultimately  to  do  with 
I J  the  u.i>e.|engtli  ,-f  the  medium  imme.liatelv  surrounding 
""■  "I'lert.  X  bnng  the  wave-in.gth  of  the  light  in  the  medium 
:■.:   ^v;,:rn   mc  ,,i.,,u  ,.   situated,  il   \„  be.  ihe  wave-lentith   in 


vacuum,  X 
and  thus 


^-0 
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,  fi  being  the  refractive  index  of  tiic  nicdiu 


35 


m; 


i 


H  sin  a 

^     "Fn    Abbe's  mcthfxl  of   treating    the  matter,  tiie    typical 
'>bject  is  not  a  huninous  ,,oi„t  but  a  grating  illuminated   by 
plane  ua\es.     Thence  arise  the  well-known  diffraction  spectra 
which  are  focused    near  the  back  of  the  object  glass  in    its' 
Pnncpal    focal    plane.       If  the    light    be    homogeneous    the 
-spectra  are  reduced  to  points,  and    the  f^nal  image  may  be 
regarded  as  ,lue  to  the  simultaneous  acti.m  of  these  points 
acting  as  secondary  centres  of  light.      It   is  argued   that   the 
complete  representation  of  the  object  requires  the  co-operation 
"I   all    the  spectra.      When   ,inly  a  few  are  present  the   repre- 
sentation  IS  imperfect  ;  and   when  there   is  only  onc-for   this 
purpose   the  central   image  counts  as  a   spectrum-the  repre- 
sentation wholly  fails 


Hid.    2, 

•■ThatthispointofMcwoffcrsgre.it  advantages,  at  IcM 
uhcn  the  ,,bjcct  is  really  a  grating,  is  at  once  evi.lent  M,„c 
-l-ecaMy  i.  this  the  case  in  respca  of  the  .(ucstinn  of  the 
■nut  nf  rcnli.tH.n.  it  i.  certain  that  if  ,.,„■  spectrum  n„Iy 
H-  npeiative,  the  image  n„is,  .nusist  .,f  a  uniform  field  ,',1 
liKl't,  an.l  that  no  sign  can  appear  „r,he  real  pcrin.hV  slructinc 

of  the  ohicct       |.-r„m   this  consideration   ,nr   resolvi,,..   ,. 

.^  oMony  ocuce.,  ;  ue  shall  recapitulate  the  argument  for  the 
ca.se  nf  perpendicular  incidence.      I,.  1-,^..  _>,  AH  represents  ti>e 
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a\i>.  A  being  in  tlic  plane  of  the  object  (grating),  ixwX  B  in  the 
jilane  of  the  image.  The  vaiions  (iiffraction  spectra  are 
focused  by  the  lens  LI.'  in  tlie  principal  focal  plane,  S'  repre- 
senting the  central  image  iXwtt  to  the  rays  which  issue  nor- 
m  .!ly  from  the  grating.  After  i>assing  S'  the  ra.\-s  diverge  in 
a  cone  corresponding  to  the  ai)erture  of  the  lens  and  illuminate 
a  circle  CD  in  the  jjlane  of  the  image,  whose  centre  is  15. 
I  he  first  lateral  spectrum  S"  is  formed  by  rays  diffractc(i  from 
the  grating  at  a  certain  angle;  and  in  the  critical  case  the 
region  of  the  image  illuminated  by  the  rays  diverging  from 
.s  ju-t  includes  B.  The  extreme  ray  S"B  evidently  proceeds 
from  A  which  is  tiie  image  of  B.  The  condition  for  the  co- 
operation at  B  of  the  fir>t  lateral  sjiectrum  is  tluis  that  the 
angle  of  diftraction  do  not  exceed  the  .semi-angular  aperture 
a.      \\\    elementary     heory    we    know  that   the   sine    of    the 

X 


an 


if    diffraction   is 


so  that   the  action    of    the    lateral 
c 

.-pcctrum  recjuires   that  f  exceed   \     sii,  „       If   we  allov,"   the 

incidence  on  the  grating    to    be  obliijue,  tiie    limit    becomes 

\  \      sin  n. 

"We  have  seen  that  if  one  spectrum  onl\-  illuminate  B, 
the  field  shows  no  structure.  If  two  spectra  illuminate  it 
with  eiiual  intensities,  the  field  is  occupied  with  ordinary 
interfeicnco  bands,  e\-actl>-  as  in  the  well-known  ex[)eriments 
ot  Fresiicl.  .And  it  is  imi)ortant  to  reinark  that  the  character 
of  the>e  hands  is  alwaj-s  the  same,  both  as  regards  the 
giadn.itidii  of  light  and  shade,  and  in  the  fact  that  thc\-  have 
11"  (orus.  When  more  than  two  spectra  co-ojierate.  the 
rcMiIting  interlerence  phenomena  are  more  complicated,  and 
tlu-n'  i-.  opportunity  for  a  complcler  representation  of  the 
speci.d  fe.ituies  of  the  oi  i    inal  giating." 

The  llelmholt/-K,iyleigh  method  treats  of  the  diffraction 
as  ciM^ed  b\-  the  aperturt;  of  the  objective,  while  Abbe  deals 
with  the  diffr.iction  due  to  the  structure  of  the  obicct.  In 
prcventii,;^.  hi^  M.'w  Abbe'  says:  "  ICvery  structural  object, 
wlicther  thestiuctuio  is  regular  or  irregular,  which   transmits 

oi'    retli'd  ,    A    iijii'i-.m  .jii.rlo,!    ;.,.  :J....<     i r    i-    i  . 

■ '■■    '"-■'■■'■'■    '■"■     ••^;'■:      ■  ■;    .i?;y 

numlu  I  of  such,  making  together  a  wide-angled  cone),  cluinge.s 
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tills  beam,  or  each  une  of  the  .everal  beams,  into  a  wider  or 
nan-oucr  pencil,  with  varyi,,-,^  intensity  in  difterent  directions, 
by  virtue  of  .hTfraction.  ...  It  may  be  sliown  tliat  the  dif- 
tractc<i  h'.Liht  cmanatin-  from  the  object  may  utih-/e  the  whole 
ai-erttire  of  the  system.  a!th.ui..;h  the  incident  cone  of  li^ht,  if 
It  uere  simpl\-  transmitted  in  the  absence  of  an  oiiject,  uoi'ild 
hi!  onl\'  a  ver>-  small  portion  (jf  the      )erture." 

The  net  result  of  the  study  of  t!„    limit  of  resolution  -ives 
e  =  h  \, 'N-  A. 
as  the  necessary  and   sufficient  distance  by  uh,ch   tuo   points 
must  be  separated  in  order  that  they  maybe  <listin-uished  In- 
a   microscope  of  numerical   aperture  \.  A.  bv  means  of  li..ht 
(-f  uave-length  X.,      Manifestly  the  two  ways  of  reducin-  Uie 
value  ol  t-  are  :  (i)  decreasing  \,„  (2,  increasing  N.  A.    X„  mav  be 
reduced  by  the  employment  of  ultraviolet  light  uhich,  in   con- 
jm.ction  with  nuorite  lenses,  first  used  by  Spencer  (America ,  in 
I  860,'  is  practically  only  feasible  in  microphotograpiiy.    The  in- 
crease ni  N.  A.  ;  -  ^  sin  aj,    involves  increase  u\  ^  and    sin  „ 
i  he  Zeiss  hrm  have  exerted  every  effort  to  take  complete  a.lvan- 
tage  ot  these  increases.      \\y  the  manufacture  of  special  glasses, 
a  has  been  increased  to  '  ■^'  ^sin  „   =    y,),  while   b)'  the  use  of 
nnmersion  objectives,  the  value  of^  is  as  follows  :    water  1  -,3, 
cedar  od    1515,  monobromonaphthaline  1  06.      The  greatest 
value  of  the  numerical  aperture  obtainable  i-  virtually""i -5  5. 

The  m.i.ximum  value  of  N.  A.  will   give  f.,r  the  neces.sar>- 
interval  between   tw,.  luminous   p,,ints  for  such  a  microscope: 
f  =  0327  ,v,.      Table   V   shows   the  the.netical   value  of  this 
interval  and  the  limiting  value  of  the  number  of  lines  per  cm 
■nui  per  in.  to  such  a  structure  as  a  grating. 

T.Mil.i:   V.      M.WIML  .M    1  IMIT  UV   Kl.SdI.l no.N    1  OK    1  m. 
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1  he  liiL^licst   nuineiical   aperture     witli   iKiinoL^onedus   im- 
ineisioii)  catal.ij^ued   b\'  Zcis^   i.    1-4,).   m,  tliat   tlie  inaxinumi 
number  nf  lines  per  cm.    (ir  incli     will    l)e  reduced  in  tlie  |ir<i- 
ixirtioii   of   1-53   t(i    i-.|o.      Willi   an   inimer.>ion    objective    ol 
-N.  A.    1-35   and   an   innnersion  cniidenser  of   1-30,  both   care- 
fullv  adjusted   and    with   useless   li-ht  exchnled    by  a   suitable 
stnp,    J,,hnst<;ne    Sidney  ^    f<,u\ii\    that    the    ].ractical    limit    of 
I)r...\im:t>-  at  uiiich  i)articles   in  a  row  nia\-  be    placeil   consis- 
tently with  our  seeinc^-   them   as  .sepa'-ate  ijbjects   fwith   uave- 
lenL;tho-45  /.i  ,  is  somewhere  about  020  fj.  or  019  ^,  i.e.  j  oor 
I  9   <    10     '  cm.  or  about  i   130,000  of  an    inch.      lie  has  also 
shown  that  a  pair  of  objects  can  be  seen  as  two,  when  distant 
from   one  another  about   ,;   of   tiie   interval    at    which    a   low 
of  such  objects  must  be  spaced  in  order  to  make  it  possible  to 
.esoKe  tliem   with  a  i,nven  microscope.      Ai;ain,  as  shown    l)y 
(ionlon,'-  if  an  object  of  uniform  structure  be  illuminated  by 
h-ht    which  is  already  diffracted,  the  resolution  is  mucli  better 
than  for  ordinary  illumination. 

\\  h.ile  the  abo\e  limit  is  in  reality  the  limit  of  the  interval 
between  two  p(,ints  which  ma.v  just  be  ihTferentiated  and  does 
not  represent  the  limit  of  smallness  of  particles  just  visible, 
it  ma\-  i)e  looked  upon  also  as  tlie  limit  of  small  jiarticles  for 
whicli  it  is  possible  to  lietect  any  detail  bv  microscojjic  vision. 
1  iieattempt  to  ad\ance  our  kncnvledi;e  of  still  smaller  particles 
led  to  the  invention  of  the  ultramicroscope. 

Ihe  prominence  ^iven  in  recent  \ears  to  colloidal  sub- 
stances has  created  the  desire  to  render  visil)le  finer  and  finer 
particles,  'ihe  true  nature  of  such  substances  in  very  finely 
di\ided  st.itc  was  forecasted  b\-  l-'arad;iy  in  his  work  on 
t;old  ruby  o;lass  and  colloidal  yold  solutions,  .vt  the  R(,yal 
institution  in  1856,''  Faraday  "had  been  led  by  certain  con- 
siderations to  seek  experimentally  for  some  effect  on  the 
ra\-s  of  lijrht,  by  bodies  which  when  ni  small  quantities  h.id 
stronj;  [Hicuiiar  action  on  it,  and  which  also  could  be  divided 
into  [)lates  and  particles  so  thin  and  minute  as  to  come  far 
Within  the  dimensions  of  an  undulation  of  lij^ht,  whilst  they 
stiii  iciaineci  iiioie  or  iessof  tjie  power  they  h.id  in  mass. 
When  a  solution  of  t;old  i>  placed  in  an  atmosf.heie  of  jihos- 
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plKirus  vapour  the  g,M  is  rcluce.l,  fuiniin-   films  thai  may  be 
washed,  and  placed  on   -la-  without  destri.ying  their  state  or 
c  -Mh-tion.    .    .        When    u.-l,l    ui.-es    are    deHag.ate.l      by    the 
l.^v-den  dischar^rc   upon   olass   plates,    extreme   division'    iiitu 
particles  is  effected,  and  deposits  are  jirodiiced,  appearing   b\' 
transmitted  light,  (.f  many  varieties   of  colour,  amongst  which 
are  ruby,  vi.det,  purple,  green,  and  grey  tints.      By  heat  many 
of  these  are  changed  so  as  to  transmit  chiefly  ruby  tints,  retain- 
ing always  the  reflective  character  of  golfl,   .   .   .'  If  a  piece  of 
clean  phosphorus  be  placed  beneath  a  weak  gold  solution,  and 
especially  if  the  phosphorus  be  a  clear  thick  film,  obtained  by 
the  evaporation  of  a  solution  of  that  substance  in  sulphide  of 
carbon,  in   the  course  f.f  a    few  hours   the   solution    becomes 
coloured   of  a   ruby   tint;  and  the  effect   goes   on    increasing 
sometimes  for  two  or  three  days.     At  times  the  liquid  apj.ears 
clear,  at  other  times  turbid,"     Faraday  believed  "this  fluid  to 
be  a  mixture  of  a  colourless,  transparent  li(]uid,  with  fine  par- 
ticles of  gold.      By  transmitted  light  it  is  of  a  fine  rub\-  tint  ; 
by  reflected  light,  it  lias  more  or  less  of  a  brown  \ellow  ccdour. 
That  it  is  merel>-  a  diffusion  of  fine  particles  is  shown  b)-  two 
results;   the  first  is,  that  the  fluid  being   left   long  enough  t!ie 
particles   settle  to  the  bottom;  the   second   is,  that    whilst   it 
is  coloured  or  turbid,  if  a  cone  of  sun's  rays  (or   that    from  a 
lamp  or  candle  in  a  dark  room)  be  thrown  across  the  fluid    by 
a  lens,  the   particles   are  illuminated,  reflect   \(.:1m\v  liglit,  and 
become  visible,  not  as   independent   particles   bu'    as  a  cloud. 
Sometimes  a  liquid  which  has  dep(-sited   much  of  its  gold  re- 
mains of  a   faint   rub\-  tint,  and   to  the  ordinary  observation, 
transparent;   but  when  illuminated  b\-  ;i  cone  of  rays,  the  sus- 
pended particles  show  their  presence  by  the  o])alescence,  whicli 
i-.   the    result   ot   their   united   action.    .    ,    .    .Some    specimens, 
Iiowever,  of  the  fluid,  of  ;i  weak  purple  or  violet  colour,  reinaiu 
for   months   witiiout   an\   ajipearauce  of  settling,    -o  that    the 
particles   must    be  exceedingl>(livided  ;  ^till    theravs   ol    the 
sun  or  of  a  candle  in  a  dark  room,  wlien   collected   by  a  lens, 
will    manifest    tiieir    presence.      The   iiighest    powers    of   the 
microscope  have  not    ,is  jet  rendered  visible  either  liie   ruby 
Ol-   the   \iolet    panicles   in   ;iii)-  of  these   fluids.    .   .    .    (llass   is 
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occasiMiKilly  celMurci  ,,f  ;i  n,by  tint  by  j.old  ;  buch  glass,  when 
e-x;iiniiiL-.l    by  a   ia\(ii   b-ht   aiui  a   lens,  gives  tlie  opalescent 
elt.-ct.lescribe.ia  M,ve,uhicli  in.iiuitcs  the  presence  of  se|)aiate 
IJaiticles.      It  becomes  a  (lueMioii  wiiether  tiie  constitution   ot" 
thegla^s  and  the  ruby  Ihiids  described  is  not,  as  regards  colour, 
alike.      Whether  the  gold   is  ;i   the  state  o|    the   pure  metal' 
"1-  Ota  c.nipoun.l,  has  yet  to  be  decided.       it  would  bea  point 
o(  consi.ierable  optical  importance  it  they  should  prove  to   be 
metallic  gold  ;  from  the  eftects  presented  when  gold  wires  are 
deflagrated  by  the  Lcyden  discharge  over  glass,  ([uart/.,  mica, 
vdluni,    and   the  deposits   subjected  to  heat,   pressure,"   etc.,' 
J-araday  inciines  to   believe  that   the)-  are   pure   metal.       The 
determination  of tlie  exact  structure  of  these  particles  presented 
Itself  to   Zsigmon.h-  almost  t^fty  years  later;    the   method   of 
reii.lrrin./   them    visible,    inaugurated   and   perfected   by   Zsig- 
moiMly   ,.i,d   .siedentopf,'"  js   essentially  a    refmement    of   the 
.«'u:'h   method  used   by  Faraday  himself.     Whereas   Faraday 
uasenabled  lo  reogni/e  only  tiie  clou,!  of  particles,  .Siedentopf 
an.l  /.igmondy.  In   elaborate  ilhnninaliou  and  the  application 
of  the  microscope,  succeeded    in   making    individual   i)article- 
visible. 

Since  tile  .uiginal  Siedentopf  and  Zsigmondy  ultramicro- 
s.opc  w.t.  bnaignt  ..m,  maii>-  ,,ther  forms  of  nltramicroscoi)es 
Imw  been  invented,  ,,r  latlier  re-invented;  the  underlving 
pnii,  ip!e  of  all  forms  t.f  tiie  instrument  is  the  same  ;  tiie  whole 
l"iip-se  of  the  ultramicroscop.'  is  to  rend.r  the  particles 
so  s.lt  luimnnus,  1,1  contrast  to  a  dark  background,  tliat  th.v 
•"•')  be  sc-en  as  p,„,:ts  of  l,,^rbt  In-  an  ordinals  niu  r,.„  ,,p,'. 
in    ihe   discusMon    uf  the   various    fo-ms    it    is    necessary    to 

dillercntiatc  tile  two  JK-ams  nf  light  iiuolved.  vi/.  :— 
I      I  lie  illiniiinatiiig  bundle  of  ravs. 
■■      I  lie  ima;;c  toriiHiig  bundle  of  ia\s. 
Ihe  inci.lenl   illuminating  mn-,  ,,rr  mwcr  allowed    to  ent.r  the 

objective;    the    particles    ,ue     rendered     visible    bv    tile     b    bt 

wlu.h  tlu>-    latln  ,,i,i  ,,|  t|„.  m.uii    iMiimin.,!  ing    be.un.       Ihi-. 

""'"''   '■  '•'"•"ii.d.    witii    varyint^    success,    m  one  of  the    fmr 

li  illow  111"   w  a\  . 


I      t  btl|..;;nii.d     ll  luillliial  inn  —  ihe     naitiiie-;     \icnC 
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microscope  the  axis  of  uliich  is  at  iii;lit  angics  to  the  thiectiui 
ol  tile  ilUiiiiiii.itiiiL.'  beam  (Fii;,  3). 


I-K,.   t. 

H.  Oljjiuie  illumination,  arrange.!  either  hy  the  incident 
direction  or  oy  means  of  internal  reflectic.ns  so  that  no  direct 
light  enters  the  ijbjective  (l-'ig,  5;. 

III.  Ubli.iue  ilii-.mination  by  an  axial  beam  thr<,ugh  a 
sub-stage  condenser  uitli  central  stop,  or  through  a  spec'iail)- 
constrMcte.1,  rellecting  condenser  provide.!  with  central  sto'n 
(Fig.  6). 

IV.  .Axial  dhuninating  l)eam  >vit!i  small  apertnre  .md 
.lirect  light  cut  out  !)>■  means  of  a  stop  back    of  the  ol.jectue. 

I.    OKrilo...  >\  \|.    ll.l.lMIN  \i|(i\. 

Tlie  slit  ultr,imicroscoi)e  of  Zsigmondy  and  .Siedent.ipf  is 
the  outstanding  example  of  tlie  successful  application  o|  tliis 
To.  m  of  illumination  and  vision.  Jhe  following  is  Zsigmondy's 
description  "  : 

"The    s,)lar    rays    reflected    from    a    ju'li   stat    .ntei     the 
darkened  laboratory  tlirongh    mi  iri.  diapliragm       In  the  ro, 
IS  an   optical    beiuli   about    1  s    meties    long,   h.iMiig   a    meta. 
Ilange,  I' ■  h'ig,    ().     ui)|)oiled   on   an   adjiistabie  stand  (i 

"On  this,  b\  iiKMiis  of  c,iiehill\-  a.ljiisted  br.ukets,  .ire 
mounted   the    indi\idual    paits    of  the   app.iratus.       llu-    hVht 

r.i\-s    nrst     enter    the    lelesco| I.icdixe     !■',.    h.iMng    ,1    |,„,,| 

length  o|  about  lomms,  uhj.h  thr..u-,  ,,n  im..g.-  of  the  sun 
■tbout  mm  in  diameter  on  .1  !i,iel\  ...Iju-^ted  sin  luad  ,S, 
uhi.  h  1-,  mo, jelled  after  l'.nj;elm.iiin\  nn.  lo.pe,  1 , ,,]  ,  ,l>|ee;  a  e.' ' 
Ky  the  iK.M/ontal  bilateial  slil.  tins  nuag.-  .an  be  i,- 
du<.d  to  ;  ?,)  luindiedtli-,  o|  a  nulhmetre,  ,is  iic.nn]  |  he 
uniiii  oj  ihesiit  ni,i>    lie  rea.l  o|(  linni  an    index    on   th-    dium 


nil 

1 
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i:..nuectc.l  with  tin-  screw.  The  f(li,vs  liniitinn  the  height  ..f 
the  slit  are  mova'  'e  h,.ri/..ntall\-,  and  may  be  placed  ticm 
I  lu  u,  2  mills,  apart.  .A  p.,lariser  N  may  he  placed  hehiiid 
the  >lit   uheii  desired.      Ihe  iris   diaphra-m  J    shuts  off  any 


l-l...  4. 

side-li^ht  which  may  he  rellcc  ted   fr,im   the  edj.cs   ,,|   the   sht 
My  means  of  the  chisel-shaped  diaphragm   H  (ine-hall   ,,1   the 
beam. .(li-ht  may  he  cut  off;   this   is  iiece.s.sar\-   when    umiier- 
sion  objectives  are  used,  in  onler  to  prevent    objecti.  liable   re- 
(lectioii    from    the    mountin)^    of  tiie    fn^nt    leu      due    to    the 
closeness  of  the  objective.      A  secou<l  telescope  .  bjective  !• ,  ol 
So  mm    focal  len^'th  forms  a    iuarter-si/e  ima^e  .,f  the  sht"  at 
the    focal    plane    V.   of  the    con.Je.i'.er    K.       My    means    ,,|    Hu- 
nncroscope  objective  .\.\,  used  as  a  loiideiiser,  this    picture    V. 
ireduied  to  <   its    ,1/e     is   projecte.l    i;i|o   thr   pieparati..n       It 
should  be  seen  that    hill    use    is   ,„,„!,:   ,,f  the   apeilure   ..|    t|,e 
m. lender    system    K,   by   controlling;   the    ilhimm.iMon  ol    its 
rear  .'oca'  pl.m.  .       The  npiH-r    lull  ..I    the   ra\  s    ,.,nrrt;i„,:    fp,,,, 
the  objective  .\,\  ,u<   cut    ,,ut    uh,n   the   pature   of  'the"  s.-iin - 
'lMl.hi..j;in   It,  tl.,ou-n    by   th.-   telescope   ,,bje,tiv<-    V .   mtothe 
alteilo..d  plane  ..f.\A,  daik.Mis  the    uppri    bal!    ..!•!.--!.=  ,.=■ 


rin-:  ui.tramicroscopf  ,i 

Uy  means  uf  tu,,  micrometer  screws,  uorkiiig  in  a  liorizoiitai 
I'linie,  and  periicndicnlarly  to  eacii  other,  the  condenser- 
objective  may  be  readily  centred  in  tiie  optical  axi^  of  the 
microscope  proper." 

By  means  of  this  apparatus  the  particles  in  a  very  shallow 
layer  of  the  specimen— solid  ,,r  liquid— are  intensel)-  illmnin- 
ated  b)-  sunlight  for  arc  lantern)  and  none  of  the  direct 
illiMninatinij  ra\  s  reach  the  eye. 


II.    SlMI'LK   Olil.!,ji;i.;,     NON-AXI.U.    Il.l.lMIN.VITOX    wniioiT 

CKXTKAi.  Stop. 

It  had  been  nc.ticed  by  Kntjlish  microscoi'sts  early  in 
the  last  century  that  the  resolviiuj  p.^ver  of  an  objectivj  in- 
creased with  the  obli-iuity  of  the  illuminatin-  beam  Hy 
!.;radual!yii,creasint,nhe  obli(iuit\- it  was  notic.l  that  themicro. 
scopic  picture  suddenly  chani,'ed  completel\- ;  it  became  bri-ht 
on  a  dark  ground  instead  of  ,|,,rk  on  a  bright  ground.'^' 
This  led  to  the  de\el,,pnuiit  of  the  so-called  dark-ground 
'ili'mination.  Tabh-  VI  shows  IhechronoloKical  .ievelopment 
of  the  ,implc.t  fo,m  of  ,i,,rk-grounil  illumination,  adapted 
first  t..  ultramicroscopic  purposes  by  Cott(,n  and  Mouton. 
llic    obit  It    is    illuminated    by    a    beam    incident    in    -aich    a 
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STOI'S. 


No. 

V«>r. 

1 

'7m 

1 

i.s,« 

3 

ISjf) 

4 

i«5fl 

5 

IH(M) 

fl 

I.S77 

7 

iS.'^i 

H 

iqdl 

0 

lijdS 

K»p«rimenlcr. 


IUIMmii'. 

Kiv.  J.  n.  U.aitc. 

1-.  II.  \ViMli;iin. 

F.   II     \\  fn)).iiii. 

!■.  II.  Uiiihiim. 

J    J.  W Dmiu.ird. 

Ilvdc. 

(.iilliMi  Miiuton. 

('.  St.ii|>4. 


Mclhod 


Us   sisiciii  III  imrniis. 

•'^in^lf  piano. I  Olivet  \\-\\<. 

I.I  MS.   aiiiici    piisiii,   tdt.il   II  tirct  I 

)M  |.  Ml. 

II. ill  priviii  .111,1  Iriis. 

ll.ill  tvliMiIlT,  !(  Ms  .111,1  inlitnr. 

!S.iiiR.  |.tiin.i|.|r    a>.  Ill  Nil.  J. 

S.iiiK'  prim  iplc  an  in  No.  j, 

Int.  fii;\!  trllnliDn  in  ^\a-m  l)!ock. 

Sanir  piiiuiplr  ,ih  in  No.  i. 


RtftraacM. 

I  ^. 

ifi, 

»7 

•i. 

I.S, 

15, 

ao 

j 

15, 

■ti 

15, 

■9 

J 

'3i 

it 

«S. 

»3 
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'lirectioii  a-,  t.,  be  i)iit  .ifliiic  ..Itlu-  apcituic  uf  the  ..bjcctive, 
anduMially  intally  rcflcctol  at  the  iin.ler  si.ie  of  the  over 
Klass  in  onler  not  tu  enter  the  ohjedive.  The  illiuninatin- 
source  is  hroiu;ht  to  a  foeus  as  nearl\-  as  possible  at  the  poin't 
of  total  retlectio.i,  at  uliicli  point  the  specimen  is  placed  ;  as 
I>articlesaret)r,,ii-ht  into  the  path  of  the  li-ht  at  the  point 
ol  total  reflection,  s,,nie  ol  the  li-ht  which  they  scatter  passes 
into  the  microscope.  As  the  principle  involved  in  all  these 
cases  is  the  same,  il  uill  prolMl)ly  sufi-Re  to  de-,  ril,e  the 
apparatus  of  Cotton  and  Moiiton. 

The  dia^^ram,  l-i;..  5  ^'^  ^'.  exaL;-erates  the  relative  ,izes 
of  the  smaller  parts  of  the  Cott-.n-Mouton  apparatus.  A 
(lion  (,f  the  solution  to  be  examined  is  enclosed  beneath  a 
thin  cover  n-lass  on  a  microscopic  slide.  The  plate  is  place.i 
on  a  special  bl,,ck  of  ^lass,  AlKD,  .;ood  optical  contact 
bem-  made  by  an  intervening;  thin  layer  of  cedar  oil,  the 
refractive  index  of  which  ,loe.  not  differ  much  fr.,m  that  of 
k'lass.     The  block    AJKlJ   doruluVh   a  Fre^n-'  rhomb     erve; 


I'm.  5. 

very  wcl!)  allow.s  the  d.,,-,tion  of.,  i„,„„  ,,,  |,„|„  ,,,  ,.,, 
a.ljustcl  easily  so  .h,,t,  aft<r  beinj;  uiternally  ,,  fl,  >  ted  at  the 
»""''■'•  -^"tfacc  CD,  the  .succccd.nK  i-lemal  ,elK-ct,on  „t  the 
upp.  !    .!!!f;,cc  may  be  made  to  ukc  place  at  the  crilaal  anj^le 
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Tlie  proper  adjustment  of  the  lens  I,  and  the  block  allows 
the  beam  to  c;jme  to  a  focus  just  at  the  drop  of  the  liquid. 
As  the  particles  in  the  solution  come  into  the  path  of  the  beam, 
the  ii^rht  striking  them  is  now  no  lon>,'er  totally  reflected,  but 
is  scattered  into  the  microscope.  As  the  field  of  view  is  other- 
wise dark,  the  appearance  is  that  of  a  (h»rk  sky  filled  with 
mo\in,L(  stars — the  J^rownian  movement  beinji;  at  once  reco^^- 
nizable. 

MI.    Om.K.iUK    lLI,rMI\.\TI()N  IKOM  A\t.\i,  Hk.km  IIV  Mi;.\NS 

OK  Siii-sTACK  CoN'nr.xsKR  WITH  Ckntr.m.  StoI'. 

'I  he  forms  of  dark-j,rround  illumination  ^iven  in  the  abo\e 
class  have  the  disadvantage  that  the  illuminating  system  is 
not  made  a  simple  att.ichment  to  the  microscope  stage. 
Wcnham  and  others  remerh'ed  this  defect  in  their  forms  of 
co-aM,.l  dark-ground  condenser;  the  various  forms  are  in- 
dicited   in   J,d)le  VII. 
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c:(j\ni  NsiK. 


No. 


Yur. 


to 

Tt  '  — 

13  i**5<' 


I  '4 

'5 
i6 

30  I 
21  ' 

aa 

»3 
»4 
»5 

aO| 

a7 

a8  i 
ag  I 

30 
31 
i*  I 

33  i 


185a 

>«.st 

iMOi 

i,S7r) 
1.S77 
1S77 
187N 

i.ss, 
I  mill 
11^17 

ni(  •■ 

igiii 
toto 


lixpcnrncntt' 


Th.  Ross. 
Nacliet. 
W'lnhani. 
W'liih.ini. 

Sh.idliolt. 
Wenh.im. 

NohlTl. 

Wcnham. 
Wcnham. 
Rev.  I.n.  R,.,,.|. 
|.  Mavi'l. 
Wc-iihniiiW,  IM 
Naclni. 
J.  I'dimmd.. 
Slcphcn.oii. 
J.  WcKKhvanl. 
Slcplicnuon. 
AbhC. 
UrimMadi. 
Kicihijii. 
Sh  ili'iil'i'l. 
!);nat()\\  vki. 
Sirdciitiipr. 
tcnlxftrh. 


.Mcihoir 


Spot  lens. 

Pnv;ri  with  nuiltipli-  rctlcctions. 
'W\n  N'achti  prisrns  and  Icnvi-;. 
Uiillo'i     rfflccitnr    p.irahol.id    aiul 

spot  lens. 
Vnmilar  condt- nser. 
Solid  par.ilMilcml  ai\d  stop. 
Tnincatid  planch  ionv(\  lens. 
Soliil  pai.ilinl,!  ,1  ,uu1  spot  kiis. 
Solid  tiiintalicl  p.ir.ilioloid. 
Ilcniisplu-tii.  il  ifiiM  Willi  spcit. 
S>  nil  c\  lindci  ,iiul  spiLiI  di.iplii.ij^iM. 
K'cllrx  illuniinalor. 
(ibss  tiiiiKati  d  ciiiir. 
Solid  liuiM.iiLd  L me  ami  if\(d\(i. 
I  .(topliic-  illinuin  iKir. 
I'lniialiil  ll;;hl   ,l:i)dl(l  pir.iii. 
t'stadioplni.-  ininu-isiiin  Mliiniin.itor. 
Strtiilvrndc  Koiidiii  m, 
Similar  10  No.  .'  |. 
Simil.ir  10  No.  .'.'. 
I'll al!' d  condt user  (Nos.  iH,  j^) 
Ilispli,  wi.a|  condi  nsrr. 
I'aidioid  I'ointr'i'  i  r 


Refirencu. 

»5. 

1, 16 

J"; 

15. 

Jfl 

'5. 

I,iO 

IS. 

"f*.  J7 

'S, 

I.  iK,  29 

IS. 

ifi 

IS, 

l«,  t 

'5. 

I"*.  I 

v> 

'S. 

".  W.3J 

IS,    \\ 

1>,   ts 

1  -..  ('■ 

SI 
«5.  3« 

>S.  J0 

«5.  |o 

4« 

4» 
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It  will  be  noticed  th-it  some  of  the  earliest  of  these  forms 
are  quite  identical  with  the  most  recent.  Ori^ri„,,!ly  they 
were  used  for  oblique  illumination  of  ordinary  microscopic 
material,  and  were  replaced,  under  the  advice  ofAbbc,  by  the 
cent.al  sto[)  accessory  on  the  orfiinar\-  condenser.  This  ct^i- 
denser  afforded  an  easy  method  of  varyin-at  will  the  obli-iuity 
and  the  aperture  of  the  illuminating  beam.  It  was  forg.Uten 
that  the  older  forin^  possess  the  advantarje  of  colour-free, 
obli.|ue  illumination  and,  conseciuently,  for  the  si)ecial  aim  of 
dark-,i;round  illumination,  are  superior  to  Abhe'>  c-ntral 
stop  condenser.''' 

In  the  methods  of  oblique  illumination  t^'iven  under  the 
.second  class  (Table  VT),  the  appearance  of  the  object  depended 
(.11  the  azimuth  of  the  incident  li^dit.  In  order  to  make  the 
illumination  more  uniform,  Kdmunds  ■'■'  arran^a^d  to  h.ive 
the  li^Tlu  fall  ,Hi  the  object  from  four  sides.  Karly  in  his 
work  Wenham,  by  the  use  of  the  paraboloid,  produced 
uniform  illumination  in  all  directions.  The  principle  of  tiiese 
metliMds  isshnuu  in  Fi-  6  (Paraboloid,  Wenham-Siedentopf). 


I    M,.    f. 


The  inri.Irnt  li.;l,l,  rell.T(<-d  by  the  pl.,ne  nii<n^M-,,pr  .nuinr, 
lias  its  cenlr.d  pnrtioii  M.eened  ..(f,  ^^\^\\v  \W  ,,ule,  rays  are' 
iHoui'ht  by  a  sene.  of  relle.tn.tw  I,,  !„■  fneused  .mi  the  .-bje,! 
"h'le  the)-  ,nv  int. nulls  irll.il.-.j  ,,  .  nv.uW  ,,s  p,,s,,ble  at 
kM.i/iiij;   in,,. !..„.,■        \,   th.-fin,.    p.nti.l.-s.nni,-  ml,,   the  path 

"'  ""•  I'^l'l'l-^     •'•■'Me,   p,,,t  ,,|  th,.l,.,ht   intntluiUK ,,pr, 

a.  Ill  til.'  1 .1  ,,•  ,|,-.,  III,,.,!  ,il),,\,- 

■"^'   '"    ■'"    '""""^  "I   >'lliamicr..sc..pr,   the  aim    licre   ,>   i,, 
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illuminate  the  particles  as  intensely  as  possible,  relatively  to 
their  backRn.und.  This  requires  (i)  the  aperture  of  the  il- 
lumniat.ns  cone  of  h'ght  to  differ  as  greatly  as  possible  from 
that  of  the  .mage-forming  cone,  (2)  the  light  source  to  he 
exactly  focused  at  the  point  of  the  specimen  under  observation 
".^.■.  perfect  union  at  a  point  A  of  the  ravs  of  the  illnminat ' 
ing  pencil  (Fig,  6),  ^3)  the  condenser  to  be  free  from  spherical 
-hfiference  of  magnification,  i.e.  fulfilment  of  the  sine  condition  '-' 
rhese  .deals  have  led  to  the  improveme.its  recently  suggested 
by  biedentopf,  Ignatowski,  and  Jeiitzsch. 

IV.  A.\[.\i,  Ii.r.iMiNATioN  WITH  Ckntrai,  Stop  uack  or 

TIIK    OlijI'XTINK. 
1.1  this  case  the  a.vis  of  the  illuminating  cone  of  light  a.ul 
that   of  the  rays   diffracted    by  the   object   are   i.i   the    same 
■straight   hne,  a.id   .,ot  incli.ied  at  a  great  a.igle  to  one  an- 
other, as  ,n  the  other  methods.     The  direct  illuminati.ig  rass 
are  stopped  out  either  by  a  carefully  ce.itred  stop  behin<i  the 
object.xe,   or  by  a  .nethod,  suggested  by  AbbO,'''  bv  which 
a   stop   ,s   formed    by  grinding   flat  a.id   blackening  'a  small 
cenfal   portion  of  the  curved  surface  of  the  f,ont  lens  of  the 
ubiective.      The  portion  ground  away  is  exactl\-  calrulate.l  to 
suit   the  ape.-ture  of  the  illuminating  objective  (conden.ser 
■Ih.s   method   nhviates  difficulties   of  centring   and   prevents 
decentring,  while  at  the  .same  time  the  objective  may  be  used 
for   observation    in    the    ordinary    way    without    da.k-grou.id 
-  lummation.     The  difficulty  which  has  thrown  this  meth..d  of 
<lark-ground  illumination  i.ito  disuse,  is  that  the  central  screen 
changes  destructively    the    distributio.i    of    the    brightness    in 
the  .l.ffnution    fringes,   a.   pointed    out    b\    Sie.lentopf ' '   and 
Icnt/sch  " 


1     LIMHAHmNs    mi     Till      I'l.lKXMi,  K,,s,  Mil- 

'""'    l^^'vleigh-    ha,    shown    that    the    ,ntens,iv    .,|    ,|,^ 
I.ght  .[.(fused    bom  apaitule,  sn.all         d|   dnnension's  in  ,0,,, 
IMnson    with    ..    u,,ve-lengtl,    of   1,^1,,,    vanes   due.tlv   as    the 
'juanlity  (^p    loi  )• 
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where  ^  and  ^  are  the  indices  of  refraction  nf  the  medium 
and  the  particle  respectively.  On  account  of  this  factor  one 
cannot  set  a  definite  limit  to  the  smallest  particle  visible  by 
means  of  the  ultramicroscope  ;  if  the  index  of  refraction  of 
the  particles  is  ver}-  nearly  the  same  as  that  of  tlie  surround- 
\wg  liquid,  they  will  remain  invisible,  no  matter  what  the 
intensity  of  the  illuminating  pencil.  Thus  small  i)articles  of 
gold,  silver,  and  copper  in  their  colloidal  mixtures  are  easily 
visible  because  the  refractive  indices  of  these  metals  are  greatly 
different  from  that  of  the  medium  in  which  they  are  em- 
bedded, while  in  the  case  of  colloidal  solutions  of  such  sub- 
stances as  silicic  acid,  oxide  of  aluminium,  and  albumen,  the 
particles  are  not  easily  visible  on  account  of  the  wry  slight 
differences  between  the  indices  of  refraction  of  these  substances 
and  that  of  water.''' 

However  great  the  difference  between  the  refractive  in- 
dices of  the  j)articles  and  the  metlium,  there  is  a  lower  limit 
to  the  size  of  the  particles  which  can  possibly  be  made  visible, 
due  merel)-  to  the  intensity  of  the  illumination.  In  Table  XVI 
(p.  I  1 7^  is  recorded  the  difference  in  size  between  the  smallest 
gold  ]iarticles  visible  to  Zsigmondy  '"■  "  with  arc-light  illumi- 
nation and  sunlight  illumination.  As  pointed  out  by  .Sieden- 
topf,'-'  single  molecules  could  be  rendered  visible  if  the)-  could 
be  separated  sufficiently  from  their  neighbours  and  illuminaterl 
intense!)-  enough  ;  however,  the  illumination  necessar_\-  in  this 
case  would  have  to  be  so  strong  as  to  be  (juite  bcNond  the 
possibiiit)'  of  attainment. 

The  smallest  particle  f)f  gold  obsu'vcd  by  Zsigmond\-, 
Using  siuilight  ilhuninalion,  was  i  7  x  lo  ■  cm.  in  diainelcr. 
Keeping  in  mind  the  favour.ible  circimistance  of  the  large 
ditlcreiice  of  iiuK'x  ol  refraction  between  gold  and  water,  wc 
ina\-  cite  thi>  as  the  smallest  particle  ever  observed. 
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THE  BROWNIAN  MOVEMENT. 

I.  Historical. 

This  discovery  of  Brown  *  >   was  really  a  development  from 
the  observations  of  the  movements  of  microscopic  animalcules 
in  various  liquid  media.      We  have  references  to  such  observa- 
tion.s  as  far  back  as  Leeuwenhoek  (i632-i723\  Stephen   Gray 
{d.    1736),  and  Comte  de  Buffon  (1707-1788).      Up  to  1827 
many  microscopic  objects  suspended    in  water  had   been   ob- 
served to  be   in  rapid  motion,  but  this   phenomenon  was  sup- 
posed to  be  connected  always  with  living  matter.      This  view 
was  disproved  by  Brown's  series  of  e.xperiments.      He  bef;an 
by  mixing  in  water  pollen   from  ripe  anthers  of  Clarckia  Pul- 
chella  and  from  those  of  Or.agrarize  CEnothera  and  observed 
that  the   pollen  appeared    as    very    minute    spherical    bodies 
which  were  in  rapid  motion  in  the  liquid— a  phenomenon  of 
pollen  (lust   already  known    to  Needham  and  Gleichen.      In 
order  to  prove  whether  or  not  this  motion  was  a  phase  of  life. 
Brown  examined  for  similar  action  the  spore  dust  of  mosses 
and  equiseti  that  had  been  dry  for  a  century.     Surprised   to 
fin<i  just  as  lively  a  motion   with  these,  lie  tested,  in  finely  di- 
vided state  in  water,  such  inanimate  substances  as  gums,  resins, 
wa::,  coal,  glass,  rocks,  manganese,  lead,  bismuth,  nickel,  anti- 
mony, arseiu-c,  and  sulphur.      He  found  the  same  unique  mo- 
tion ••.!  every  case;  his  conclu.sions  may  be  .sunnned   up  best 
in  In's  own  wonis. 

••i'lxtremely  minute  particles  of  solid  matter,  u  hether  ob- 
tainc.l  fn„n  organic  or  inorganic  substances,  when  snspende<l 
in  pure   water  .)r  some  other  aqueous  fluids  exhibit  moti-^ns 

-An  i„tcrc.s,i„K  ,cfcr.-nce  is  ,n.ad,.-  lo  Urown's  paper  in  (ieo,Ke  r:i,o,'s  story 
Middlemarcli,"  Hook  H,  chap.  xvir. 

5'  4  * 
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U.v  wliicli  I  am  imalilc  to  account  and  wiiich  from  their  inegu- 
lanty  and  secmiiiL;  indciJcndence  resemble  in  a  remarkable  de- 
cree the  less  rajiid  motions  of  some  of  the  simplest  animal- 
cules of  infusions.  T!ie  smallest  moving,'  particles  observed,  and 
which  I  have  termed  active  molecules,  appear  to  be  spherical, 
or  nearly  so,  and  to  be  between  i  20,oooth  and  i  30,000th  of  an 
inch  in  diameter;  other  particles  of  considerably  Ljreater  and 
various  size,  and  either  of  similar  or  of  very  different  figure,  also 
present  analogous  motions  in  like  circumstances. 

"  I  ha\e  formerl)-  stated  m\- beliei  that  these  motions  of  the 
jjarticles  neither  arose  from  currents  in  the  fluid  containing 
them,  nor  depended  on  that  intestine  motion  which  may  be 
supposed  to  accompany  its  evaporation. 

lliese  causes  of  motion,  iiowever,   either   singly  or  com- 
bined with  others— as  the  attractions  and  repulsions  among  tli- 
particles  themselves,  tiieir  unstable  equilibrium   in   the  fluid  in 
which  they  are  suspended,   their  h.\',rrometrical  <a-  capillar)-  .ic- 
tion,  and  in  some  cases  tlie  disengagement  (.1'  volatile   matter, 
or    minute     air    bubbles— have    been    considered    by    several 
writers  as  suflicientl)-  accounting  for  the  ajjpearances.     Some 
of  the  allt;ged  causes  here  stated,  with  others  which  I  ha\c  con- 
sidered it  unn-ressary  to  mention,  are   not  likely  to  be  over- 
looked or  to  deceive  observers  of  any  e.\i)erience  in  microscop- 
ical researches:  and.  tiie  insufliciency  i)i"  the  most  important  of 
those  enumerated   may,    I    think,    be   satisfactorily   -,hou  n    by 
meai      ,  ■!  a  very  simple  experiment  (referring  to  evaporation)." 
Although,  as   is  indicated  b\-  the  above  extract,  the  ques- 
tions   underlying    this    phenomenon    are    to    a    great    extent 
physical    in     their    nature,   ph\sicists    do    not   seem    to    have 
attac!  ed  them  for  a  great  many  years  after  BrownV  xeork  was 
published.       .About    1868,   some  experiments,   which   w.  .e  in 
a  sense  a   repetition  of  those  of  Broun,  were  reported  to  the 
Manchester     i'hilosophical    Society     by     iJancer  -  :    the     new 
facts  which  he   brings  out  are  that  gamboge   in   water  gives 
good  results  and  that  the  smallest  globules  of  oil  in  milk  show 
the  lirownian   movement.      .\.  about  the  s,„ne  time  before  tlie 

<:itn..        <,  ,.;..t,.         I •        .       , 

■  ■    .'-'•-       ^;-:;;;;iuiiiv:atcii     liic    lesuiLs     oi     iiis 

epoch-making  experiments,      Briefly,    his  conclusions    are   a.; 
follows:  (I)  repeating   Brown's  observations  witii  many  sub- 
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tana      he   rtn.Is  that  the  motion   depends  on  th^- size  of  the 
particles  and  very  h'ttle,  if  any,  on   the   nature  of  the  material 
in    the    particles  :  (3j  with   powderefl   cla\-  or  -lass,  in  water, 
the  motion  seems  to  exist  jxirallel   with  the  stability  of  the 
suspension:     r  pure  water  L;ives  the  best  movement,  while 
addition  of  salts  usuall>-  causes   its  cessation  :   {^)  the  action 
of  acids,  alkalies,  and  salts  seems  to  be  independent  of  their 
chemical  constitution:    5j  ammonia  and  boracic  acid  do  not 
affect  the  motion,   acetic  acid   stops   -'t,  while  sodium  silicate 
seems  to  increase  it:    (6)  albumen,   dextrin,   cane  and  grape 
sugar,  starch,  and  alcohol  seem  to  have  little  effect,  while  gum 
arable  increases  the   motion  anri   the  stability  of  the  solution. 
Mis  work  on  the  effect  of  a<lded  electrolytes  lefi  Jevons  to  as- 
cribe the  stability  of  the  particles  to   their   possession   of  elec- 
trical ch.arges. 

On  tile  continent  these  phenor  •  la  were  being  investigated 
by  Wiener,  Kxner,  and  Schult/e,  who  also  tried  to  single  out 
the  ciuse  of  the  motion  frr.m  among  the  various  explanations 
offered.      A  resume  of  tlieir  work  is  to  be  found  in  the  Jahres- 

berichte  of  1867,  as  follows: 

"Chr.  \\"iener  instituted  microscopic  observations  of  these 
movements,  and  came  to  the  .onclusion  that    this  trembling, 
irregular,  unsteady  motion  of  solid  molecules,  which  alter  thJir 
direction  in  the  briefest  fraction  of  time  in  their  zig-/.ag  course, 
has  for  its  basis  the  continual   movements  which,  by  virtue  of 
their  molecular  constitution,    beloi^g   to    fluids.      He    learned 
through  his  investigations  that  ri)the  movements  are  not  those 
of  infusoria;  -_')  the  movement  is  not  communicated   to  the 
fluid  ;  (3:  the  trembling  movement  is  not   in  any  u    ■,•  derived 
from  the  varying   attraction  or  the  collisions  of  the   various 
oscillating  molecules  ;  u)  tile  movement  is  not  derived  frt.m 
changes    in   temperature;    (5)    tiie  movement  is  not  derived 
iVoni    .n-.tp-ati.,,!.       Consequently,    there    remained,     in    his 
"piiiiMn.  nothing   to  ,-,ccount   for  the  peculiar  movements  nut 
the  pr.;perly  of  the   flui.!   itself       'l^hrs   explanation    receive,! 
direct  confirniation   from  Wiener's  observation,  that  th.r  Mu-d 
'it    the    niMvemeiU    Ins  a  certain   relation    to  the  si/e  of  the 
molecule.      Lately   .S.    Kxner  h,i.  extended  the   investigati(,ns 
of  Wien,.,.      I'ivner  sought  to  test  with  reference   to  the  mole- 
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cular  motion  whether  or  not  cither  chemical  causes  or  mechan- 
'<al  -nes,  such  as  pressure,  vibration,  and  so  forth,  coui.l  in  an-- 
^^■■'y  prochicc  an   acceleration   or  a  retardation   of  the  .  ffect 
Only  by  exposure  to   light   an.l   heat  ,li,|   the   motion  hccome 
accelerate.!,  and  then  in  such  a  maimer  as,  in  H.e  case  of  gly- 
cerine, to  give  freer  motion  to  the  molecules  on  account  of  dc 
creasing  the  viscosity-  of  the  ILpn-.i.      Kxncr  also  examined  into 
ll>c  I.r<.perti.s  of  fluids   in   which   solid   molecule,   remain   sus- 
I'OMded.       Ihe  results  of  ins   investigation   resolve   themselves 
"itothe  following   pr.ints:     , ;  the   liveliness  of  the    molecular 
■""vement  ,.  heightened  by  light  and    heat,  and  bv  radiant  as 
well  as  by  conducted  heat  ;     2)  one  of  theconse.ju'ences  of  the 
'"'' ocular  n.oveineiu    is,  that   the   molecules,    in   a  specifically 
1  .^'I'tcr   flui.l,  nut  only  do  n..t  sink  to  the  bottom,  but  overcome 
the  l.-rce  of  gravitation  to  such  a  .legree  as  to  spread  themselves 
-lualy  throughout  the  fluid  ;  (j;  the  velocity  of  this  scattering 
-s  ml  uenced  by  light   and  heat.      It  should  be  n.entioned  here 
I'"'  I"  r  ^chult.e  had  already  state.l  that  substances,  when  most 
■"^■ly  'I'VKlcd,  especially  >uch  as  .eemed  under  the  microscope 
t"  be  amorphous,  and  exhibite.l  the  Hrownian  movements    rV 
mnn   suspended    in    pure  water  and   in  manv  other  fluids'  f„r 
'  ay.  weeks,  and  months  at  a  time,  so  that  the  fluid  ,„nt  ,i        , 
"'-"  l>.e.ents  a  clondy  or  at  least  an  opalescent   appearance.^ 
K-ner    and    .,vner  ■  a.e  the  first   to  give  definite  figures 

(see  table  \  hi). 

('-ny  exten.led    .he  nun.ber  of  suspensions   viewed   an.l 
alM.  contnhute.l  extensively  to  the  experimental  work   ,lc-te,- 
— >g    the  cause   „f  „„.   ,„„„„„       ,,,  ,,,.^.,,,^,   ,,,,,,,    ,^^   _    ^^^^ 
•■M-nments   l„...n,ig     .,   ,h.-   theory  ..f  the   m.-tion,  we  may 
'i'""'7""';'"'^-"'--''"-tthelh,.wnian  vemen,  was 

f;7'' '";'''?'•■•''••''''->'■'•'- I-<-l-i-va,er,sa,,  solutions 
;-''-'-'-;-.  '-tlu-rs,    hyd.ocarbons,oils   a.d   .Ivcerine    and 

';:V'""'^^'""-'''''' '•'>^' ■'■^•'•.'■.Nneoussohni::;' 

',"'    "■-'"""    "I    >!"•   n.unnent   an.l   co,.,,Mlation        \.    , 

;;,*; ;  '•;•■";— i—i,.,h...,.s,inw.n  ,o,.s.,i,.,.  „.. 

,""■"•"■"-- H ■•„,- mo,e,,il,..,.Mh..,i, , 

,       '"""■■■'^       ""'    '  "'"■'"■   -I'-n.-r   with    the   s...„. ... 

•'''"" ""■">   "'■""--''->"l"-|Mrt,cle.in-.,u.ou: 
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solutions  does    not   depend    on    the    material    of  which    th.- 
part.cle   consists,    but    merely   on    the    si.e    of    the  particle 
Ramsay    says    that    the    velocity    depends  on    the   si.e    and 
^icns.ty  of  the  particles;  he  thinks  that  the  particles   in  pure 
water  do  not  touch  one  ar.other  at  any  ti.ne  and,  in  fact,  that 
they  do  not  appear  to  influence  one  another  in  their  motion 
■SpnuK-    also    helie,es    that,    when    the    particles    appear    to 
collide,  they  do  not  touch  one  another,  as  each   particle  in 
pure    water    ,s    surroun.led    by   a   special    li.,uid    layer    which 
;-   <lestroyed    only  by    the   a.ldition   of  electrolytes.      In    fact 
't  seems    that    neif^hbouriuK    particles    ,lo    influence   one  an- 
other ^see  Zsi^mondy  ■") ;    this    view    was    also    put    forw.u.l 
by   Malte.os."      The  latter    points    out  that   the    movement 
•s  complex,  consisting  of  the  ordinary  n^.,-.^  motion  which 
he  calls   Hrownian  alone,  a  vibration  about  a   line  and  a  ro- 
tation      He    also    states    that    the   Keneral  action    of  ad.le.l 
electrolytes  causes  a  retardation  of  the  motion  and  ^ives  evi- 
.Icnce  of  the  presence  of  ultramicroscopic  particles  in  the  solu- 
tions which  he  examined-or.linary  water  contaming  a  trace 
of  dnt  or  hi^diiv  diluted  ink. 

The  abovt  Hithne  brings  us  to  the  tune  of  the  invention 
of  the  ..ltramicroscoi.e.  which  afforde.l  most  valuable  infnr 
•nation  x^^^x,\\n^  the  notion  of  the  very  fine  and  coi.sr- 
quently,  ''ast  moving'  ultramicroscopic  particles.  Recently  the 
first  reliable  velocity  measurements  have  been  made,  but  these 
can  best  be  dealt  with  in  examining  later  flu-  confirmations  of 
the  kinetic  theoiy  of  the  Krownian  movement. 

■2.  .SxMpi.is  o|.'  Soi.uTioN.s  IN  WHICH  riii;  Hi«.uman 

M')Vi;mi:nt   .m  w  kk  ouskuvi'.d. 

I     Cambo^re,  as   prepared   by   I'errin,'-' has   the  a.lvantajjc 

<.f    ^'ivii.K'  both    microscopic    and    ii'framicroso.pic    particles 

It  IS  made  by  the  desioation  of  the  milk  secreted   by  a  KUtti 

ferous    ,.|.,n,    fmn,    indn China.      \    part    of  the   dry   resi.lue 

is  rubbed  un        disulle.i  water,  in  th.  manner  of  makin^;  s„apy 

"at.r;   Ihr       mb..^;,•  dissolves  i^iviiij,-  a  vellow   soli.ti.,,,   ,  on- 

la.nm^.'  sph.n.al  partul-s  of  various  si/cs.      (),,  the  yellow  dry 

r.  ^id-.j,    n,..^    i„-  ,n,„|,i,.teiy  -i,  .solved  in  al.ohoi,  (-Jviim  rise  to 

■'    tianspnent   trn,-  snlutio.i.      This    .dmhul,,    solulion,    when 
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poured  ,i„ickly  into  a  large  excess  of  pu,,,  uater,  produces  an 
muls.on  w,th  spherical  grains.     One  can  separate    hes    "  i 

-1  "..   ...  an   e,„ulsio„  u.th   ..ains  of  different  sii^s    us  a^ 
uf  oiameter  less  than  lo    '  cm.  ^ 

oc^on'  ;''h'"'"  '"T"'"'   ""''''   "''"^'""^   '"   ^'   '"=-"-r  anal- 

^t      f    TT""-      '  ^"'"^  "^  ""^'^^'^  --  ^•-"'ved  in 

tLd     ,       /^^^      ^^    '°   "^-   "'^'"  ^'•^•"'^^"-    -l"tion   uere 

r  ed  slowly  uno  a    „tre  of  p,.e   wUer  and   the  whole   wa^ 

,V   Meade    Hache-^'    ^'-'^thata    solution  conLnnng  car- 
m.ne  from  cochn.eal  gives  much  n.ore  br.lliant  particles  tn 
gamnoge,  or,  one  would  gather  than  m  .stir       I^  .     . 
hrllli,„f  h"^"-i,  man  ma,-,tit.      It  contanis  very 

brdl  an  m,croscop,c  particles  which  show  much  better  with 
-oak  ,llumn,at.on  than  do  the  particles  of  gamboge.  ••  VV  th 
a  uca    aqueous  solution  of  carmine  one  may  .see  by  daylig 

'-  a  background  of  fidnt  blue,  or  with  arUficial  4h'^^^^ 
Kold.,  background,  thousands  of  tiny  part,cles,  brightt  l,:  k 

f  '"by,  sh,muK-ring  and  perforn.ing   their  independent  c v, 
tinns  over  the  field  of  view." 

4-      Zs.gmon.iy.''    and    Svedberg "    and   others   have    ob 

b>   tne  rmth.Ml.  recorded  in  chapter  ir. 

i    V,,,„,,nsM,    l-vKTirns.,,    v.\,<„M     s,/,.,, 
In   Tai.!e  VU\   are  arrange.!   the  various  .letermu.ation.  of 

".me.,,,   the  observers  are  placed   in  chr.-nological   order 
-l.JKUura,,y,  greater   weight    must    be   accorded   ttH^lt 

-rrie^;:'™:r  ;h::\' ■:''•':•  ^^■''■-•' •"--•*>—.• 

""    '11'     i.lttaiiucroM-o|K<  came    into   use     .,,,1 
--i;;>n'.v,l..al„n,v.nhpart,cl bo.-  ,o    ^m  d!:.:.       ' 

^    ;    '''■■^"""^'''''''^  -•-'•  ''••'''-M.|Mren(ly  u,,h  ..  micrometri: 
'•'I'.vitM.l.O  glass  scale  and  uat.h 

•^- l-m,ed  out    bv  /s„n. ly,  .he  absoh..e  motion   „f 

""    l'"'"l-   '^   very   lu,d   lo  observe  ducctlv.   ..1,1 ,.    ..., 
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ferences  in  motion  may  be  recognized  very  easily.     The  diffi- 
culfes    of  ,|,rect    observation    have    been    overcome    by    the 
apphcation  of  the  cinematograph  to  the  microscope  bv  Victor 
li^nn.  ■'      The  latter  made  with   each    solution   examined    a 
senes  of  exposures  each  of  duration  of  ,  3.0th  of  a  second 
at  mtervaisof  .'20th  of  a  second,  and   was  thus  enabled  to 
k^et  very  rel.abic  results  of  the  motion  in  ,.ure  solvents  and  also 
m  these  solvents  after  impurities  were  added.     A  somewhat 
analogous  photogn.phic  method  ha,  also  been  us.d  hv  ScMig  '" 


liii,    y. 


in   hi,  eNp..n,n.-nts  „n    (h.    .nlhanccf  ,..„.,,„,.,ure  on    the 
Mrounian  nioMMnciit. 

IVrnn,  ass,sU-d  by  ,....  of  his  colleagues,  C-hau,lesaigucs  - 

•-1  l)abr.^^.k^-,,p|i..,,  a  n.-w  m.thod  ..fclire.,  observation 
tl'.yn,,nU..|.,nM,uarod   p..,K.,  .u.  „rding  ,0  sralc  tin-  position' 
""■V^,';vcn   p,.,.,cU.at   M.t..,valsof,hi,,vseo.n.|s,„-..,ingone 
part,,  le  (or  ,KMi.Hls  of  twrnty  or  thirtv  minutrs 

■nrdbrrg"     fojlnurd     .,     M,meu'h:.f      ..„;,,.,-     ^     • 

^-"H^    ""—<--       Aglan.ca.    K,,.    ;^V     Hnu.)' and 
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^■ik^   8    I'errin)  shows  that  a  particle  oscillates  in  a  h.pha/- 
ani   fashion  about  a  mean    position   during  a  short  interval  of 


I-H.,     S. 


t'"i.'.      SveJher;,',  l,y   kcepin.t;  a  slou-  cure.,'    oi   the  c<,lloi,lal 
-.lut.MM   pasMU-   throuj^Mi   the  cell   in  which   he  was  oh.ervinj,^ 


^> 


-^^     L- 


N 


^^ 


^ 


N>     ^^(7^%^:':* 


I'll.,  ij 

t  hi'  I  MI  1 1'  li      iT.i , ,.  I. .    .n  .1.,         , .  ■   1 

■t'.i'l.;IU    line,  a(i.».s  the  (iel.l  n|    vieu         J  |,r 


l.ltinn    111    p.ii.ill^  I 
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effect  of  this  m.ition  is  to  -ive  the  impression  that  the  par- 
ticle IS  describing'  a  wavy  line-so  that  Sveriber-  sj^aks  of 
the  amplitii.le  (A)  and  uave-length  [\,  of  the  particle.  Fiy 
0  (hvedbery)  shows  the  appearance  that  \-.  Henri"'  would 
Iiave  observe.!  if  he  had  introduced  Svedbery's  constant 
velocity  of  translation.  The  time  i.iterval  between  the  points 
on  Henri's  fr^Mire  is  i /joth  of  a  second,  and  consecjucntly 
each  of  .Svedber-'s  composite  curves  corresponds  to  i  2  second 
of  tune.  Kn,,winK'  the  time,  /,  rerjuirec!  for  the  impressed 
velocity  to  carry  the  particles  the  <listancc  .V,  then  the  mean 
absolute  velocity  of  the  particle  would  be  4.\  t. 

Ir>  T.d.le  \'ill  are  arran-ed  all  the  available  results  -.fvin., 
the  velocity,  material,  and  the  diameter  of  the  particle 
examined,  the  medium,  it.  temperature,  the  (observer,  and  the 
method. 

TAHI.I,  VIII.      iiK()U.\l.\.N    MOVl-.MI.Nl    VI,|,()l|TIES. 
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Care  m„st  he  exercised   fn  comparin^^  results  such  as  ue 
W  ,n  the  above  table,  for  the  velocity  found  i„  a„y  particular 
case  depends  on  ti,e  tinu-  interval  whi.h  elapses  betneen   tuo 
observafonsofthesame  particL-.     A  ..lance  at   Fi,..   ;  and 
w.li  show  that,  as  a  result  of  the  .i,..a,  motion,  t  p.^rticie 
may  after  a  comparatively  ion.o;  interval  return   ver^•  nearlv  to 
■tsongmal  position.      In  dealin,.  uith   the  verification  of'the 
knietic    theory    formula,     Smoluchov.ski  - '     savs  •      '.let     us 
■magine   tdut   we  could   make  two  series  of  cinematographic 
pictures  ofa,.,ven  particle,  one   corresponding^   to  intervals  of 
"ne  second  and  the  other  to  intervals   of  ,    ,oth   of  a  second 
ilu-  velocity  calculated  from   the  sec-.nd  series  would  be  ./,o 
t-mes  .reater  than  that  from  the  first  series.     This  is  pmb'blv 
-h>-  K.vner,    who   used   a   very  highly   perfected    n.ethod,  ob- 
'anu-d  results  about  twi.  e  as  ^r^eat  as  those  by  Wiener" 
1-   Sr,;,,,>rii,  Causks  nv  •,„,    Hk(,wn,.\n   Movkmknt. 
As  is  shown  by  the  quoted  sum.nary  of  Jirown's  work    the 
•I'.ostion  uppermost  n.  his  mn.i  was  ,he  cause  of  the  mot'ions 
-h,ch    he    observed  ;    the    san,e    ,,uest    has    en,a,ed    all    the 
Hwkers  on  th,s  phenomenon  up  to  the  present.      As  a  result 
'-f.l-uo,r,Wn   and   his   successors   we   may  discard 

.n.mU.,-o,,heo,ieswhu-h    have    been   su,,ested.      While   th 
-'-^;-  mechamsn,  of  this  ,„ove.„en.   is    ,,.    „„    „,,,„,  ,,,^,/ 

-    iH-l-eve    that    the    shocks    of  the   molecules  of  the    li,,„,d' 

-l..nn,uethemam   cause;  still    it   is   hard   to   imagine     hat 

H-  p-t.les  are  not  afilxted  by  .uch  .actors  as  surf^.^  tension 

.1  d..cncal  forces       Before  .lealin,  wi.h  the  treatn.en,    from 

"   "    ""'"■"^'   ^•"-   '^'   -'"-''   i'—   been   dcfinitelv  dis- 

I  ai lU'il, 

'^    /'^--/A"./.v,Y,^,.A,,>./>..o,/„        lhi,p,opo.,„on  d,f. 
•'-•'■''-'-•• -M..'nnn.n.s  of  ,,.own   fn,n,    tile  oMu.  pj. 

'7    ''7"    ■;"    ''V    Wiene,     who    observed     the    „,o,„    . 

i:;;:::!;::!:':;:-.:':-^' '-••■-'••■•• '-'-^ -.- 

■  .■   ••■,  ■'  >'■  o.  .iio>-  ail  iiif, 
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2     The    motion    is    ,wt   ,iuc    lo    suci,    cxl,-n,al  agauies   as 
viecliav.ical  vibrations  from  sin-rounding-  bodies,  or  indd.nt  lii^ht 
,^//.//..v^/._Wienel^  Ivx.icr.  aiui   Gm.y  all    rcconl   experimu.ts 
which  show  that  the  motion  is  not  clue  to  mechanical  vibrations 
Ihe  first  name,!  observed  a  sample  of  sol  for  twelve  da,  ,  but 
was  unable  to  detect  any  chan-e  in   the  motion,  while 'c-ous 
placed  a  sample  in  a  cellar  completely  free  from  vibration  and 
still   found   no  chan-e.      It  is   doubtful   whether  the   effect   of 
external  vibrations  would  have  even  ,.  secondary  effect  on  the 
particles  of  a  drop  of  li,,uid  such  a.  was  usual  .    examined 
under    the    microscope.       Wiene,     believed    the    motion    wis 
cau.sed  primarily  by  the  lifrht  an.l  iieat  waves  pas.in^r  throuKh 
the  medmm,  because  the  particle  uhich  he  examined   were  of 
dimensions  ai.nut  the  s.cme  as  the  wave-length  of  the  red  li.L^IU 
of  the  spectrum.     On  examining  furtlier  into  thi.  phase  of  the 
•juestion.  l,xner  found  that  the  motion   wa.   affected   to  some 
extent  by  the  incident  li^ht   and   heat   but   not   suftlcientiv  to 
account  for  the  whole  motion.      For  example,  usiuR  Mmli^du 
first  with  the  heat  ra>s  shut  off  by  a  liquid  cell,  and  secon'Iily 
^^'tli   the  heat    rays  allowed   to  pass   freely,    the    ratio   of  the 
rates    of   motion    of   the    particles    u as    8-25.   ,,.5       Yx^^^x 
showed  that   this   difference   was  ,lue    merely  to  a  chan.-e  of 
temperature  of  the  medium,  as  the  velocity  of  ans-   part .Je  at 
a.mven   temperature  abov.     the    initial    temperature    uas   the 
same  whether  the  heat  was  conveyed  to  the  lujui.l  by   conduc- 
ts....   or    by    radiation.      Taking'    Kxner's     numlH-rs     for    the 
velocities    of  certain   iurticles  at   20    and  7.  ,        ■  .l.fference 
may    be    completely    accou.ited    for    bv    the    ch.u.K'e     in    the 
viscosity  „f  the  liquid.      Guuy  maintained  a  sample  of  sn|  in  a 
constant  temperature  bath  without  noticing;  any  chauK.-  -how- 
<MU  th.at  the  M)ot..,n  i.not  due  tn  tetnperature  ch.m.M-.      Fx,,,,, 
(-uy.    and    Mode    J<,.che    each    exposed    samples    to    li-du 
ol  V  arious  wave-lent;ths  and  intensities  and  found  little  or  no 
chani;e  m  the  nuncnent  ,   H.k  he   kept    a   s.nnple   in   the  dark 
for  a  I.m^;  period  an.l  still  the   n.otion    pcr.siste.l       /.si.ni-.ndv 
arranged   the   li.ht  cone   so   that    it    coul.i    be   .n.ved   quicklv 

•  =  -'"   --•.■  rej;:::;  ;::  the  iiqiud   i.,  .nictiier  i)ut   lound  the  motion 

just  as  li\cly  in  one  place  as  in  the  other 


6^   ^'/n-sfc.if  ,'^opjr^r;j;s  of  rori.nmAi.  solctioxs 

f^.nncr  ortI,ese  tun  causes,  Ivxner  ,x.ints  out  that  the  .notion 
o  .>c,,.hbourn,,  pa.ticlcs  is  not  what  would  be  expected  if 
tl.ev  were  moved  along  by  convection  currents;  even  the 
h^a"  "    '^ V   "-^hbourin,   particle,  appears  to  be  utterly 

fall  upon  the  solut.on  does  not  give  any  startling  change  in 
Ik-  mot.on,  and  Gouy   found  th.:t    the  motion  ptrs.sts 'Ic' 

e    n".rT"'7    ^^:"''--^"-    --'---•      fn-ier    a   uniform 

tu.pe,atureof4    Cat    uhich   point  the  convection   currents 

■an  aqueoussolution  should  be  at  a  mininnnn,   Hache  found 

l.ttle  d.fTerence  n,    the  motion.      Gouy  als.  p..i„ts  out 

■'«  a  small  space  as  that  ma  droplet,, oof  a  mm 
-depth  he  convection  cur.ents  shoul.i  be  enormoush-  re: 
>iu-d.std  the  .not.on  is  apparently  n.dependent  of  the 
\-iume  of  liquul  under  examination 

Brown    T\  ''''   ^""'"■•^^'""   '^-  -  ^^-t   on   the  motion. 
Broun  shook  up  so,neofana,ueous  solution    m   oil   s..  as   to 
-b  am  d.tnbuted  though  an  ..i,^^ 

.tc      ontannng  the  fine  par„cles  ;  although  evapo,ation    was 
U,s  puvented,  the  particles  in   the  a,ueous  d,-ops   possesse.i 
>custo„,ary  motion.      By  preventing  the  evaporat  on  of  th 
!"■:     -der    exa,ninati.,n    .y    her.netically     siding    i,,    t 
'-1.1c  cause  was  shown  by  Wiener.  Bache,  and  C;^a.,n,     t.. 
--■--.fleet       Cantnniobserved.mesealedsampleat    n,- 
Jvalsd,,n,,gawh,deyearbutwasu,,ableto,,bl,.v.,,,, 
'angc.      i.aaporation    pr„mote,l    ar.ifuiaiU-    was    shoun    b'v 
"iiticr  t.)  have  no  efTect.  '  ^ 

W.th    the    causes    enu.nera.ed    above,     we    eliminate    all 

'rectswnchho.,„dowi,h,hel„pndasawhole,andare 
--  -"fined  to  the  consideration  nf  , he  mutual  a,  .ions  ,  ,f  th, 
i-tule^  d,e.nse,ve.  and  the  .nore   uunna.e   r..lation    betw  e 
""•■>■.....  es  and  the  n.olecules  of  the  liquid  medium 

4.    InHunu,,,  the  j^ascs  ahsor/,e,i  hy  the M'ticUs-X^  is  a 

the  small  bubbles  ..f  g..s  c.,Mtai,,cd  ,n  liouids  .n.-l.«.,M,,  ,'_,. 
'■■-■■-"   -.erals.  are  in  cons,.uU   n:,.;,,.;"(^";„;,  J,;,: 
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fn.m  ,le  Lapparent's  "  Traitc  de  Geologie."  p.  54^,  as  follows- 
'Ihe    mobile     bubbles,     or     libelles,     are     the     distiactive 
characteristics  of  the' inclusions  liquides-  .  .  .;  whenever  the 
dimensions  of  the  libelles  are  below  o-002  mm.,  we  observe 
that  they  are  subject  to  a  constant  quivering  motion,  quite 
analogous  to  the  motion  of  corpuscles  known  as  theBrownian 
movement.     The  quivering  of  the  libelles  appears  to  be  com- 
pletely  independenl    of  external  circumstances,  such  as  the 
rigidity    of  the    supports    and   temperature  variations."     The 
explanation,    given    by    Carbonnelli    and   Thirion, -'     for    the 
motion  of  these  libelles.  is  founded  on  a  supposed  incessant 
interchange  between   the   molecules  of  vapou;-  in  the  libelle 
and   those  of  the   liquid  surrounding  the  libelle.      Maltezos  " 
imagined  an  analogous  cause  for  the  Brownian  movement  of 
solid  p.irticles-an  incessant  interchange  between  the  gaseous 
molecules  dissolved  in  the  liquid  me.lium  and  tho.c  of  the  air 
■mpnsoned  in  small  pores  in  the  surface  of  the  solid  particles- 
or,  again,  continual  evaporation  of  the  surrounding  water  into 
these  small   imprisoned  air-bubbles  and  condensation  of  the 
vapour  molecules  into  liquid.     However,   .Malte/.os  disproved 
this  himself  because,  after  boiling  a  solution  for  an   hour  to 
drive  off  the  ga.ses,  sealing  it,  and  then  allowing  it  to  cool,  not 
n>  contact  with  the  air,  he  found  the  motion  as  lively  as  ever 

5-  Injluoue  of  ^ryavitational,   electrical,   and  ma^nutk  forces 
l>etwccn    the  fartules—Thc    .iecision    with    regard    to  "these 
mutual  actions  of  the  particles  depends  to  a  great   extent  on 
their  apparent  in.>tions  in  respect  to  each  other.     W  ,ener  con- 
clude,! that    the  collisions  of  one  particle  with  others  could 
h.ne  little  effect  because  diluting  the  solution  ma.le  no  change 
...  the  motion.      However,  Zsigmon.Iy  says  ■'  that  tin-  particles 
appear  to  influence  each  other  an.)  that  for  the   most    part   the 
activity  of  the  motion  of  gold  particles  is  somewhat  decrease,! 
In-  the  <iiluti..n  of  tlu-  gold  solution  ".      R.-unsa)-  believed   that 
!!.••  lurticles  did  n,,t    inHueiue  one  another.      I)ir,-rt   ohserva 
tK.n  will  justify  tlu- conclusion  that  the   motin,,   ,s   „,  ,t   f„,„i, 
..H-ntally  ,!ue  to  the  collision  of  the  particles       The  apueaia.u-.- 
-vc.N   nnicn  in  accor.iance  with  .Spring's  .suggestion,  VIZ       "It 
^^  to  be  1, marked  tlut  uh.-n  two  droplets  (of  gamboge  en.ul- 
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si.-nj  collide  they  lelxmn.l  without  coming  into  contact  ;  there 
must  be.  then,  surroundin-  each  droplet,  an  adhere.it  liquid 
layer  which  prevents  contact  at  the  moment  of  collision  ". 

1  hat  the  cause  of  the  motion  lies  in  the  electrical  forces 
actn.g  between  the  particles  was  first  suggested  to  Jevons  by 
thenifluence  of  electrolytes   in   producing    the  coagulation  of 
these    solutions.      The    Brownian    movement    alwa)-s    exists 
when  particles  are  in  suspension,  and  since,  as  Jevons  thought 
only  electrolytes  produced  a  cessation  of  the  movement  and 
consequent  coagulation,  electrolytes  must  have  some  electrical 
edect  m  stopping  the  motion,  and,  therefore,  the  motion  must 
be    d,."  prunarily  to  electrical  forces  between   the    particles 
It  h    ,    been    found    almost    invariably  that    the  addition    of 
dectrolytes  stops  ti)e  15rownian  movement.     The  truth  of  this 
statement    is    asserted  by  Jevons,  Gouy.  Ramsa>-,   Malte.os 
Hl.ss,-    sprmg,  Zsigmondy,   Henri,   and    others;    these    men 
Horkal   With   a   large  variety  of  colloidal   solutions   and   tried 
the  influence  of  both  electrolytes  and  non-electrolvtes      Jevons 

.nenlions  that  sodium  .silicate  increases  the  movement,  ammonia 
or  boracic  acid   does   not  affect   the   motion  or  cau.se   coagu- 
lation,   while  acetic  acid  produces  precipitation  althou-h  it    s 
a  weak  electrolyte.      Testing  cinematographicallv  the' action 
ot   various  substances  on  rubber  emulsion,  Henri  found   that 
the  Brownian  movement    is  retarded    by  the    addition  of  a 
coagulative   reagent    before    the    phenomena    of  coa-rulat.nn 
•'P|K-ar;  acetic  acid,   which  has  an  especially  keen   cmgulant 
effect   on   this   rubber  emulsion,  produced    retardation   before 
coagulation  ;  alcohol  acts  .similarly  ;  the  a,'  lition  of  urea  which 
<loos  not  coagulate  the  solution,  has  no  effect  on  the  motion 
of  the  particles.      Kliss  records  that  the  addition  of  extremely 
Miiall    traces    of   alkalies    to    suspensions   of  cla\-   and    finelv 
;inide<l   sand   accelerates  the    Hnnvnian   movement,  but   with 
increasing  do.es  the  movement   is   retarded:   the  additi.m   of 
aci.U  ,nid    neutral  salts  always  causes   flocculation.      Malte/os 
I'old.  that  we  get  different  appearances  under  .lifferent  circum- 
stance. ;   in  some  cases  the  particles  unite  to  Unm  large  masses 
•"I'l   tlu    Hrownian   movement   cea.ses  at   once,  whil,.'  I„  ,„(„.,. 
cases  tne  particles  increase  in  size  slighth-  an.l   the   motion 
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persists.  .S\cr|l,e,.,r  alone  maintains  tliat  ti.c  Bn.unian  move- 
ment .s  nulepenclent  ..f  the  electrical  char^^e.  tn  his  method  of 
nnpressm,^^  a  velocity  on  th^  particles,  he  found  that  the  am- 
P  Uu.le  of  a  silver  particle  uas  independent  of  the  direction 
of  ,ts  cataphoresis.  which  can  be  chan^^ed  by  the  addition  of 
salts,  e.g.  alumniuun  siil[)hate. 

According  to  Smoluchow.ki -electrical  forces  between  the 
particles  '■  wouk!  be  able  to  produce  a  certain  groupin-^  of  the 
particles,  l.u-  not  a  continuous  motion  ".  While  this  objection 
would  hold  fnr  a  .ys.cm  of  particles  held  in  a  state  of  equili- 
brmm,  ,t  seems  hardly  justifiable  when  applied  to  a  liquid 
medium,  b.vause  there  alwa.vs  would  be  inlluences  at  work 
tending  to  .listurb  the  particles,  so  that  the  svstem  would  be 
striving  towards,  but  never  attaining  to,  an  equilibrium  state  of 
rc^st  At  any  rate,  the  motion  resulting  from  such  a  state  of 
aHans  would  show  a  much  more  intimate  interaction  between 
the  suspended  particles  than  is  apparent  to  the  eye. 

It   seems    justifiable    in    view   of   all   the    evidence  to    as- 
sume that  th.    charge  on  the   p.u.icle  exerts  some  influence  in 
keeping  the  panicles  in  a  finely  divided   state,  while  it   is  pro- 
bably  only  rarely  that   the  .lectrical    forces   can   intervene  to 
alt.rthemotionofthepnticle.      The  cessation  of  the  Brownian 
movement,  when  it  take    place,  is  due  not  to  the  addition  of 
unpuntyto   the  liquid,;,  v  . v.  but  me,    !y  to  the  impossibility 
..f  the   forces  at   play   makin.^   a    visible  efiect    on    the    \^J^ 
-nasse.  pro<luce<l  in  fl  .cculatioi,.      In  the  pr,  ,cess  of  floccul.aion 
the  particles  coalesce  gradually  and,  if  the   growth  is  not  t, 
'•apid,the  alteration  in  t,      Hn.wnian   movement  mas    be  an 
l)arent,  as  in  Henri's  results. 

Under  the  belief  that  electrical  fore,  might  be  the  cause 
-f  tne  motion.  G^iiy  "  and  Hache  •"  exan.med  the  efiect  when 
the  solution  under  observation  was  exposed  t.,  .,  stron,^ 
magnetic  field  but  tiiey  fcuiiul  n„  diange.  Of  course  this  ,lX 
""^  -MM'l)-  to  the  action  of  a  magnetic  fiel.l  ,„,  various  iron  solu- 
tions (see  Cotton  and  Mouton  -•■). 

fy  The  mJhioM  of  „/<ur  teusu>N.-\n  th,-  .m.dn.t;.,,,  .r 
tne  nrownian  mux .  ment  there  is  experimental  evi.ie.ue  of 
several  coiUi.butn,  .  .auses,  each  bearing  its  pa. t  in  the  action. 
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Whik-  the  inajurity  of  the  uorkcrs,  from  lirou,,  onuanl    !ruc 
hnucd   that   the  cause    lies   in   the  molecular  motious    In  the 
1-qK.ds,  there  have  been  wther  su.i,^oesti.,„s  stron^lv  supporte.l 
as,  e,^.,  electrical  h.rces    Jevons  an<!         "   "e  tensi..,,  f  Malte.os' 
knou-  of  no  valHl  reas,.„  for  mair    .  Jiat  these  tu,,  f.,.-ccs 

have  „.,t  a  ver>-  ultimate  relation  .5rou„ian  moveuient  • 

on  the  other  hand,  there  appears   i        e  insurmountable  diffi- 
culty n,  proving   that  these  forces,  either  alone  or  co.nbu.ed 
would  cause  the  moti.in. 

One  uiulisputed  property  of  the  Hrowuia.i  movement  is 
that,  lor  a  y.ven  solution,  the  motion  varies  inverselv  as  the 
s./e  ot  the  particle.  ;  4  ^  seems  to  be  the  maximum  dian.etcr 
"I  a  particle  shouini,^  the  motion.  There  are  really  two  con- 
;l't'"ns  for  the  nuintenance  of  the  Hrounian  movement- 
■n  the  first  place,  the  particles  ,„ust  be  kept  Ic.s  than  a 
certain  .,.e  u>   order  to   h.ave  a   motion  visible  to  us,  and    in 

crder  to  keep  the  suspended  matter  from  sinking  to  the  bottom 
of  the  contamin,,  vessel  ;  in  the  second  pla.  e,  the  particles  m>,.t 
f.c-  ma.le  to  n>ove.  Takin,-  the  experunents  as  a  whole  we 
...ay  ascribe  the  regulation  of  the  sixe  of  the  particle  to  surface 

tension   eilects.  influenced,  as   they  must   be,  bv  the  electrical 

char,^s  on  the  particles  ;  and  to  the  kinetic  theorv  we  must 
'-1^  <"'•  the  explanation  of  the  .notive  power  uece.sa.y  to  ^^ivc 

the  particles  their  curious  random  paths. 

The    r,',!e    of   surface  tension    in    decidin,,'    u  h.ther  small 

I'a.ticles   w,l     unite   to    form   larger  ones   or  ..ill    further   sub- 

;'"■';'■■•."    ''^^'"'^^'>-     '-'     ^'-vn    in    two     laus     stated     bv 
JMicks   "  : —  - 

>  Ifthe  molecules  of  the  hquid  are  attracted  more  strou'dv 
l.y  those  of  the  solid  than  they  are  by  nei.hbouriiu;  molecidc; 
"I  •K'l.'im.i  or  than  the  molecules  of  the  solid  attract  one 
^'-"Hr.the   iKHential   ener^T  will    be  aminuuumuhen   each 


P""cle  of  sohd  is  surrounded  by  a  shell  of  ImjuhI  of  ihickness 
C'lnal    t,,    the   radius   of  molecular    forces,        J-he   U...    o;„,i.  -e^ 

-n  then  repel  each  other  ifbrou.h.  close.,  together  than  ..nee 
tlUa  (fKlance. 

(-^;    If  either  of  the   forces.    solid-M.lid    or  |:-,„;,l  !,•,„.:.•     .•.. 
K'vater  „un  the  l.rce  solHi-lic,uid,  the  potenti.n  ..ic  r.y'wll  be 


I! IF.    /IKt'lV.yjAX    i/.>l  /Wff-x I ■ 


67 


least  when  the  Uvo  particles  are  .na.Je  to  approach  as  closelv 
as  possible.       liiey  will  then  attract  each  other 

.Such  facts  as  these  are  .nuloubte.ily  of  importance  in    re- 
gulating the  size  of  tlie  particles. 

We  have  unmistakable  evidence  in  the  work  of   Jevons 
Ma  te.os.  Bliss,  and   Henri,  that  certain  substances  addTci  t: 
colloidal  solutions  have  the  effect  of  producing  finer  subdivision 
of  the  -uspended   particles  and   more  rapid  Brownian    move- 
ment.     The  influence  of  the  electrical  charge  relative  to  the 
surface  -nsion  has  been  developea  by  BrediV,-  and  it  is  quite 
apparent  that  we  have  here  tremendous  forces  capable  o    a' 
tenng  the  sizes  of  the   particles.      On    the    othe!   hand,    to 
establish  the  proposition  that  the  motion  is  cau.sed  hv  surface 
csion.  leads  to  hypotheses  so  artificial  as   to  be  umenable 
rn  attempting  to  do  thi.s,  Maltc^zos  sums  up  the  forces  acting 
on  the  particles  as  follows  :   >■  We  have   then    the  excess  of 

h:,n:f:':ff/^f^'^^°^-'^^^'^^^"^-^^-'  volume 
hcl„,uKh,  he  h>drodynamic  forces  and  the  forces  of  internal 
fnction  of  the  h,u,d  :  the.se  two  latter  do  not  remain  iiuar^aW 
during  the  continuance  of  the  motion  inasmuch  as  they  c-e- 
pend  on  the  velocity  and  the  surface  of  the  particle.  ^The'se 
forces  all  tend  to  retard  the  Brownian  movement )  The 
•surface  tension  r.,    ween  the  particle  and   liquid)   beh,.  the 

one  of  tl  e  following  ca.ses  :  (i)  when  thereare  traces  of  fo  eign 

ma    er  about  the  particle;  (.,  when  there  are  pores  in  th 
surface  filled   with  gas,  or   with   the  vapour  of  the   liquid  •  (3) 
■r  .  ear  the  particle  the  liquid   is  not  pure,"     In  a  later  p    J 
Maltezo.s  pms  his  faith  to  the  last  of  these  conditions.      Me|,s- 
brugghe-   suggests  a  sunilar  e.xplanation  from  the  supposed 
analogy  of  the  action  of  small  pieces  of  camphor  on  the      rf  - 
o    water.      However,  as  Smoluchowski  -  ,x.ints  out.  any  e^ 
p  ana  ion  wh.ch  postulates  the  existence  of  the  uneqtial  dis  ;  . 
b  t        of  impunties,  assumes  tacitly  that  a  state  of  equilibrium 
hould  be  reached  eventually,  at  which  time  the  motion  would 
cease.      Hiis  explanation  is  con.spnii,>nfl„  ..,»,....  -r  .    . 


^s   my  [CM  racrrRnr^^  i<i-  coLii^iPAL  soi  i  rh)xs 


5.    liir;  Ki\i;ii(     Jiiiukn   01    thi.;  l<i<(i\\,\i\\    \i,  ]\  kmi  \r, 

I .    Dcvdopwent  of  ihc  tluoyetical fon,iiila.—\\\.\\w\u\\  near! 
evci)-  observer  of  tlie  Hrouniaii  inovenient  lias  ascrilKcl  it  to 
molecular  action  of  the   liquid,  it    i^  oiiiy  of  recent  x'ears 
this  theory  of  the  moticju  lias  been  ^iven  mathematical   fo 
Sinoiuchow.ki,-'  liiusteiii;-"  and  Lan^evin  ""  have  attacked  the 
problem  by  iiidepei   .ent  avenues  and  have  been   led  to  practi- 
cally the  same  formula,  which  i^ives  the  relation  between   the 
distance   mover!   by  0  [)article    111  a  certain   time,  the  radium  of 
the  particle,  the  temperature  and    vi-cosity  of  the   lujnid,  and 
the  time  of  observation. 

A  kinetic  theory  of  diis  motion  was  fust  stat-d  definitely  by 
Wiener, '  and  I'lxner.''  and  later  b\-  Clausius,     Afterwards  ( loiiy" 
wrote   "the   Hrownian  movement,  of  all   physical   phenomena, 
shnws   us   visibly  that  there   is    a    constant   state    of   internal 
agitation  in  li.juids,  even  in  the  absence  of  all  external  causes  " 
—a  statement   by   which   lie   rej)lacis  tiie  dictum  of  -Maxwell 
that  "under  the   most   powerful  microscopes  bodies  show    the 
ino-,t  perfect    repose"       Maltczos  "   (piotes   from  a   lecture   In- 
Hnussinrs<i  :   "  liir   w  hole  of  ;i  liquid   is   at   a   ceitain   definite 
temperature  and  1,4  .it  absolute  zero.       It  i.  necessary  that  the 
thermal  aj^itation  diould   reach  a  ^i\en  \a\w  in  order  that   tile 
bodies  may  become  li.iuid,  when  die  molecular  vibrations  shall 
iiave  reached  an   amplitude   suftii  ieiit  to  disen^af.'e   the    mole- 
cules from   one  another       It    is   probable  that    the   movement 
calle.i  I'.rounian  is   due  to   this   tliermal   motion   of  the  mole- 
cule-  '      Ket^ardinj.;    llie   s.ime  question   /.si^moiid\    "'   wi,,te: 
"  Altiiouj^h  tlieiauses  ,,|  ihis  rem.iikable  i.hen.iii'   urn  ma\   be 
manifold,  it  is  the  kinetic   tliemy  of  duiiK  \^|mh     pi.e.nstn  Ik- 
"I  pi  line  impcpit.ince  in  explaininj^   tile  iiMtion,  ulmh   persists 

' iteiiuiitedly  in  liie  lliiid  for  munth-.  and  \ears" 

111  tie.ltm.i.;  ol  the  de\  elM|,inent  of  the  kllieti.  the,,iy  o|  this 
m.iti..n  ,,ne  o.iild  n,,t  <l<>  better  than  adnpt  the  l.m^Mia-e  o( 
Sumliu  li..wski  \vliM  j^.ves  the  followmi^  iliiei  t  lie.ilment  of  this 
phase  lit  the     llbn  et. 

"ll.c  diUHt  nbseivatioii  of  tiii.  iiiiAeiiieiii.  b\  ii.i.uis  ,.| 
the  uiuios.,,pe,  po.dihe    .,11   inipo  ssicn  analo|;..us   t<,,,Mi   im^ 
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asiii.itioM  of  molecular  motions.  It  is  not  a  vibration,  nor  a 
simple  progressive  movement,  hut  it  is  rather  a  tremblin-,  or, 
as  Goiiy  expresses  it,  a  suarmin-  The  particles  pursi'^e  an 
irre^riilar  /.i^r.^ajr  com-se.  in  all  rh-rections  in  space,  as  if  they  were 
l)usher|  liere  and  there  by  accidental  collisions  with  the  mole- 
cules. In  reality  their  progress  is  very  slow  in  spite  of  their 
feverish  activity.  Many  physicists  have  considered  thi,-  pheno- 
menon as  a  visible  proof  of  the  truth  of  the  kinetic  theory. 

"We  .shall  study  here  the  simplest  kinetic  theory  ;  we  shall 
assume  that  what  ^ve  see  in  tins  motion  is  the  result  of  ac- 
cidental collisions  between  the  particles  and  the  molecules  of 
the  liquid.  One  objection  often  considered  as  fatal  to  this 
theory  was  first  raised  by  Nageli.  He  .shows  that  the  velocit\- 
transmitted  to  a  spherical  particle  (,f  diameter  000,5  mm,  by 
collision  with  one  molecule  of  hydrogen  is  only  j  x  lo^"  mm. 
per  second,  which  would  not  be  visible  in  the  microscope  ;  in 
addition,  the  shocks  received  on  the  various  sides  of  the  particle 
would  annul  each  otiv  -  and  give  no  perceptible  result. 

"  This  conclusion  is  comparable  to  that  error  which  one 
make,  who  pursues  a  game  of  chance,  if  he  exjjects  never  to 
h.ivc  a  loss  or  a  gain  more  than  the  simple  wager.      One  knows 
thai,  in  .general,  the  chances  do  not  bal.uice  e.vactly  and  that 
the  amdiint  ..fthe  sum  lo-,t  orgaine.l  increases  with  tiie  number 
of  l)lay;,      We  have  in   the  problem  before  us   to  discuss  the 
e.xcess  in  the  number  of  shocks  given  to  a  particle  bv  the  mole- 
cules in  a  certain   direction.      Now  we  have  ihe  simple   result 
that  the  velocity  transmitted  to  a  particle  of  mass,  M,  in  repo.se, 
by    i  <lirect  collision   with  a    molecule  of  mass,   ;//,  which   is 
mo\ing  with  a  velocity,  ,    will  be  :  C    ^   ///<  M  which    is  of  the 
ordet  given  by  N.igeli  ■   and  further  the  absolute  value  along  a 
fixed  direction.  X,  will  be  still  smaller.      Hut  it  is  necessary  to 
o.nsi.lrr  that  the    particle  M   suffers  more   than  10'"  collisions 
I'ersrc.ndinag.isand  m...,:  than  1..  'i,,  .,  li,,,,,.!,  of  which  the 
e((.>.  I    will    l...  .ininill.d  in   ;;.Mri,,|      biii    their   will   ,dw,i>s    be 
•'"  '•^"■•-'    '    "r       ■   '•"  '"    '"    i"".ulli,i,,ns,|,yv,rtu(   o(  whi.  h 
""■  I'aili-^le  ^mII  .111. 1111  ,,  \rl,u,t\    ,,|    |,,,i.i    1,,    (,,   i,„M,,in;    p,-, 
se.  Olid  III  III,.  ,|||,  ,  ||,,||  ,,)   \   ,     ,    ,,,  ) 

"  I  111.  pi..\cs    that   tlu     nbjc,  Ijoii  ,,|   Na,;,ll   I,    -I,,!   )ii,|ir„.d, 
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but  the  final  result,  on  the  other  haiiH,  is  not  exact.      For  („) 
thr  absolute  value  of  the  chanL,'e  in  the  velocitv-  of  M  will   not 
be  the  same  for  each  collisi..n,  but  will  depend' .m  the  absolute 
xalue  of  C  at  the  time,  and  .7')  the  probability  of  collisions  re- 
tardm-  will  be  -reater  than  that  of  e<.l!isions  accelerating   for 
lar-e  vah.es  of  C.     These  two  factors  oppose  ,-.n  unlimited  in- 
crease n.  the  value  of  C  :   the  final  result  which  r,ne  can  readily 
foretell  for  the  kinetic  theory  is  that  the  mean  kinetic  enerf^ry  „f 
translatory  motion  of  M  will  become  e<iual  to  the  mean  kinetic 
energy  of  the  molecules.      For  the  cpiali/ation  of  this  value  is 
precisely  the  characteristic  condition  of  the  thermal  e(,uilibrium 
"f  bodus,  accor.lin-  to  the  theory  of  Koltzmann  and  Maxwell 
In  the  same  w.iy  we  conclude  that  the  particles  play  the  role 
of  hif,dily  polyatomic   molecules  of  .s.)me  dissolved  substance 
and  thai  they  would  consequently  have  the  same  kinetic  enert^'y 
as  a   molecule  of  a   -as  at    the  temperature  of   the   me.iium 
Ihen   one   can   calculate  the    value    of    C    accidinj,^    f,    the 
"i-dmary  formula  of  the  t,'as  tneor>- 

,.  ,    r  ^-'\''»  .M       .  .  .  ^,) 

which  lor, I  (urtKle  of  rjiameter  e(]ii,.l  t,,  do.m  ,„,„  .„„|  ,, 
den.ity  I,  ^,m\,.s  for  C,  .  ■ .,  cm.  per  .sec.  How  are  we  t,.  ,e- 
rnnclethis  rcMilt  with  the  nl^erved  values,  uhich  ar.^  of  the 
""'^■'-  "I"  ,^  -  1(1  '  cm.  per  sec.  '  This  obstacle  seetns  at  first 
si,L,'ht  a  serious  matter  for  the  knietic  tiieory  However  the  ex 
planation  is  ver\'  simple  It  would  be  impossible  to  follow  th.- 
movement  of  such  a  particle  if  it  were  endowed  with  a  vjocity 
ofo-.,  cm.  p,;r  sec,  foi  in  a  niicoscope  of  mai^mfication  5,,.,  it 
u-uld  be  nioviii.;  With  .1  vel.K-hy  of  2  metres  per  sec 

■•  rh,.t    \shich  we  see    is  the  nie.in    p..s,i„ (    ,|„,  ,,,,nj,.^,_ 

1'"^''''''  '"•  '"  'iiur,  p.r  se.oiid  uiih  tin  .  velocit\,  each  time- 
'"  a  d.lfeMMil  due,  lio.r  Its  centrr  describes  a  capri,  ious,  n^. 
/a,;  p.ith,  ,  on, posed  of  stiaiKht  pieces  each  very  small  in  com- 
I'arison  v,,htlu- dimension,  ol  thepaiti.le.  It  .  dis,,],.,  ,.nent 
1-  visible, ,nls  when  tl,r  ;•.,  oinrt  ric  ,,1  sum  ol  Its  path.  ,..  r.n.rd 
'"•'"  appie,i,d.l,.  v.due  In  ,.ddit,on  theiei,  t  he-  nuno.-  .  ,  „  . 
'""""  <''«1   'I   IS  11. .t  the    m.n,-,nrnl    ,n    s,,a,,.  w,-    obsrnr  l>„| 

''"■I","'"' "■"•".■■wm.ntonaplan...  .  ,  .„  ..ou.  n,  U     ur 

-liall   liavr  I,,  multiply  ob„-urd  le  ults  In     ^   n" 
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S'n<)Iiich(nvski  then  proceeds  to  rietermine  the  mean  dis- 
tatuc,  I),,  traversal  m  ,,uc  second  by  a  spherical  particle  of 
mass  M  under  the  intliienceof  «  collisions  uith  molecules  each 
of  mass  w.  What  he  really  calculates  is  the  square  ro„l  of  die 
mean  s.iuareof  the  distance,  but,  as  he  points  out,  the  numerical 
difference  is  small  and  may  be  left  out  of  consideration.  There 
are  two  main  cases,  .according  as  the  radius,  <?,  of  the  partide 
is  ri  small  compared  with  the  mean  free  path,  \,  of  the  mole- 
cule of  the  mediu'i,  or  2)  large  compared  with  the  value  of 
X;  the  latter  is  the  case  in  point  for  the  Hrownian  movement 
in  li<|Mids.  The  rigi.l  treatnu-nt  of  the  first  case  leads  to  the 
follow  ing  e()ii,ition  : 

when-  ,-  Is,  ;,^  ,,l,o\v,  the  mean  velocity  of  the  molecules  o,' the 
medium.      This  leads   to  the  nither  surprising   result   that    the 
value  of  I),  docs  not  t!ei)end   on   the  ma    ,  of  the  particle,  but 
only  on  the  nature  of  the  medimn  and  the  number  of  culli.sion 
per  secoml. 

The  essential  assum[>tion  made  in  deducing  the  above 
formula  is  that  one  may  neglect  the  reaction  of  the  mo\,-,nent 
of  the  sphere  M  on  the  distribution  of  the  velocities  ,,f  the 
neighbouring  niok-cules.  Tlien  the  collisions  with  M  uill  be 
independent,  accidental  events,  and  the  curvature  ot  the  path 
which  M  traverses  will  be.  with  equal  probability,  in  uny  plane 
whatever,  deternnncd  by  the  insuintaneous  direction  of  the 
movement  of  M.  When  we  come  to  de.il  with  the  sr(  ond 
<  a,e,  in  which  ,1  is  conipar.d)Ie  with  \,  the  sho'ks  ,,f  the  mole- 
inles  a;;anist  M  will  no  longer  be  distributed  witli  e(|nal  pro- 
l>ibilit\-  in  .dl  .liie.lions,  since  layers  of  the  liquid  cnti  )ous 
to  the  sphere  will  pai  t  k  ip.ite  in  the  motion  a  <  ii<  iinistance 
which  will  h.iv.-  th.'.-lfect  of  |)reventing  aliriq.t  ih.mges  in  the 
■''"■'"'"""I  motion  o|  M  ,md,  consniucntly.  th.' ette.t  of  111- 
CKM.ing  111,-  \,ilii,M,n),  I  hi-,(-ir(umst,inceled  .Smolu'  hou>ki 
'""■'■■'  "'•""I''  ""■•''""I  "I  ilta.king  the  problmi  .in;rtli,„| 
no!    .0  i\.|.  t  ,1,  the  loiiiiiT.  but  simpler, 

■■"^"ri""^''   •'    |Miti,ir,   M,    laun.bcd   in    1    m.  diiun  \mI li    an 
'"'"•''    ^'io.  itN   t    ,   il    uill    ,ui(,  ,    nl,.nl.,ti,.ii  ol    ino\,nunt    (of 
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thr  icsolvcl  part  <,ftl,c  velocity  [virall.-l  U>  tlv  urioinal  ,li,i ,  tion  , 
accordiii;^  to  tlic  formula 

where  r  is  e.]ual  to  the  mass  of  the  particle  -hvi.led  1-  the  co- 
c-fficient  of  resistance,  ..r  M  S.  lUit  the  kmetic  ener-v  of  the 
centre  of  ^'ravity  of  tlie  particle  will  not  dimini-h  if  r'ha ,  the 
value  -iven  in  i  .  Ti,e  sphere  l,.ses  its  ori-inal  velocitv  but 
Ml  return  -ains  vei.,city  norm,,  to  that  direction,  so  that  the 
resultant  velocity  does  not  chan-^e. 

"We  may  re^jard  the  time  of  relaxation,  t,  as  a  measn-r-of 
tlic  continuance  of  rectilineal  motion,  and  the  paths  r 
MC  .S,  as  a  measure  of  the  rectilineal  path.  Ihe  movement 
"f•^r  can  then  be  expressed  as  the  movement  of  a  Kaseous 
molecule,  which  travels  out  from  its  initial  position  n;a/i^.-za- 
f.ishion,  its  path  beini,'  composed  of  short,  stL-^^-ht  pai ,  ■  n{ 
Ic-nt^th  eciu.ii  to  the  apparent  mean  free  path 

"  Ihe   mean   distance   att.iined  in   time,/  sees,   |,v   s„ch   a 
"loleculo,  is  t,riven  by  the  -.is  theor\   as 

D,  =  A^/«/_-r    (•    ^/„,/     eVT./=c.  J'^^/ 

/'«  I 

=  ry_^./smccr   -^  ,      (3) 


11  all  |)oints  but   tlif  ord.  i  of  tlie 


J  ill-  c.ilcul.ition  is  not  exact  ni 
result  i,  true." 

AlM-l.vn,,;tln.roMnn!aloiiu.  caseot,,  p.utu  le  mov  ni,  i„  a 
rare  t^as  and  reJ.omiiK'  S  by  means  ,,|  .ju-  j^as  theurv,  .Sniolu- 
cliowski  finds  tliat  in  i  second 


\  2tl 


•     (4) 


If  thi.    vahu'of   1)   ,.,  ,„„lt,pl,ed  bvth.    nnmen,  d  lacto,       "^ 
»      ,L;.'t    Ihe    v,,l,w    ;;,v..„    |,^    ,i„.  ,.^,.,,    ,|„.,,rv    J)       This    thai 
'"ivbel,e..trdasan,.,d,lvm.:    la,  lor  ,„  a  result  obfamed    by 
""     "     '    "'    '"I'M'n.n    (.}).    and    ue    U,^r    -nru    .,  ,    th,     ,.,„.■,. I 


'■'prit  ;•  Ml 


- 1 


f6) 
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In  the  case  of  a  small  s[ihcrc  moving  in  a  liquid,  we  have 
S  -ivon  by  Stokes'  law,  vi/.  :  S  -  (my^a.  The  displacement, 
I),, 'le>.  libeii     v-  M  becomes 

The  m.,ii„n  ,   .nsi,leic.i  above  is  that  parallel  to  one  particular 
(lirection  arul,  sine,     'he  kinetic  energy  of  a  n.,  lecule  due   to 
Its   m  .tion   paiillel    .o  a  given   direction    is    RT  2N,    wr  = 
KI   N.     Substituting   in    the  above  ecjuation   we  have  finally 

^V  '  N     iiT-na  •  ■     ^'> 

Indcp  n.lently  of  Smoluchowski,  Kinstein-'  .leveloped  a 
snnil.i,  fo,  inula  for  the  niuiion  of  small  spheres  suspended  in 
a  li.|ui,i  medmm  ,  he  applied  the  laws  of  osmotic  pressure  to  the 
particles  and  evaluated  their  diffusion  in  the  medium.  The 
diffusion  coefficient,  ,/,  of  a  material  suspended  in  the  form  of 
small  spheres  in  a  liquid  is  given  b\- 

KT      '  I 


Again,   th,    mean   value  nf  the   displacement,  1).   ..f  a  sphere 
aloii^r  tlv;  X-axis  111  time  /  is 


I). 


J^d .  t 


Frnm  (S)  and    o)  we  get 


(9) 
(loj 


K    r .  / 

Thi.   f.nnuladiifer.  from   Smoluchowski's  by  the  dipping  of 
the  iiunii  tic.il  lactor  -^2  27. 

M.-re  recentiv,  I  ...ngevin  ^"'  offered  a  very  simple  solution 
of  the  san.r  proMem,  and  oblaine.i  the  same  result  as  Kmstein. 
It  a  paituir  is  moving  with  .1  comp,,nent  velocitv  parallel  to 
the  axis  ol  \  e.iual  to  f  .-=  ,/.,-,//,  ,„„K,,  ,|u-  a,  ti.m  of  a  force 
X  du.   to  molecular  shocks,  it  will  suffer  a   resistance  given  In 


firr'Kif,  .iccordiii;:  to  St 
thru  be 


111'      lotl 


N    Is    V  ,11  \  mi' 


\  heis|ua/:  .u  of  motion  will 
ix 


6Tr  ./,»'■■     ,    \ 
7/ 


uid     i,     iiidiMciciitU     pii.ilui-    ,ind 
ncgHtn.',  but  iii,.M,t,,iii.  Ill,    , noli,.,,  nhuh    u,,iiM   ,,thriuiM;   br 


y   ■  l/.V- 

"/?■   -       -   .^TTIj,!,        +    Xr. 
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stoppcl  by  the  viscosity  oftli,.  liquid.      ,Multi,,lvin,,r  ,l,,„„^,,,  , 
-1',  tlic  ojuatioii  m,t_\-  be  nrittcii 

III      li\.V~ 
2    ■     ,//- 

Taki,,,^  the  .nciii  Ufa  la.-c  number  (,r  identical  parti,  le,,  the 
ttM-in  n.  .\.,r  disappears  on  account  of  the  xariati.ni  in  X  : 
writiii-  '-;^       u  we  obtain 

Noiv  (,,vr^  is  the  averaL;e  i^inetic  energy  ,,!  ;,  particle,  due  to 
tlic  component  of  its  .elority  parallel  to  the  axis  of  X,  (  ),, 
the  kinetic  explanation  of  the  Hroumian  movement,  this  eiierLjy 
IS  ojual  to  that  <,f  a  sin^j^,.  molecule  of  the  li.iuid,  or  to  thatV.f 
a  K'-i'-cous  molecule,  parallel  to  a  -iven  direction. 

..,     KT 


N 


and 


»/    (i\ 


KT 


I  lie  general  s 


oiution  of  this  differential  e(|uation  is 
K  r         1  -n^   , 


\VIien  the  moii,,ii  reaches  a  stead\-  state 

Kl 

''■'""  "lii'li,  by  inte,;ration.  we -;et   I),  ln,u,  iheequatioi 


I) 


R       1/ 


X       \Tri/i/ 
a  re. nil  identical  uilh  that  of  Kinstem. 

As  is  emphasized  by  Smolu.  hou  ski,  we  should  not  expcvt 
viv  exact  conesponden.e  b.tueen  this  theoretic.d  formula 
■""l"l'servation,  for,  ina.i.htion  to  snuplification  .,!  the  pro- 
'''•"'  '"•"iH'mafically,  vse  hax..  ma.le  two  assumptions    ,he  im- 

'""""'"•"'  ^^l'"l".muoi    be.;,u.K.-d    veiy   exactly  m  the  case 
"'  Ii'|iii<ls.  vi/..  :  — 

o'     tint   the  particles  may  be  re^;arded   as   ri;.id  sph,-,cs   .ou\ 

^■^/     "'■"     "'■■    '""'•-    "f"    Mirf.Me     tens„,„     „,.,d     ,„,,     |„,     

■'"'"'■''         ^'^'"h,  1,   ..,,  ,h,    „   ,,.  ,,|„.|,  1,,,^,  ,,^,.,,  ,,,^_|^ 
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the  present  justify  tb.e  tormula  as  ix-ards  ,ts  dependence  on 
temperature,  time,  viscoMty.  an.!  the  radii  of  thepartirles  :  uhile 
many  of  the  exact  determinations  of  the  absolute  values  of  !  ), 
do  not  depart  very  much  from  the  theoretical  vakie 

(</,)  F.xpeyiiunital  verification  of  the  theoretical  /,,n,u,/a.~ 
a.    Oljserved  \,ihie>  of  1)^, 

In  the  formula  for  I),,  puttin-  \,  the  number  of  molecules 
in  a  -ram  molecule,  e<]ual  to  ;  x  icr'  and  K  =  J^^,  x  i,y' 
c.^'.s.  units, 

i)r  .  i.-r, X  lo    '\  '  •''. 

V  ■  ■' 
I"     l.ibl,-     IX    are   arran-ed   the  calculated   an<l   observed 
values  o(  ]),,  from  M,me  .,|  the  data  i;i\en  in  Table  VIII. 

TAHI.k   IX.-CM.CLt..Vri    )  AXU  ()i;,KKVi:u  VALUES  Ul.   U.. 
(Djr  =  12-6  X  lo  -  i-.Tr,,:,.) 


Uadiut  in     '  Tpiiii 

I.,  .lu"    \i=''0'-i'y. ,   tern.       ">^™s;.e 

I  I         «   10 


l>.  ualiuinicdi    I >,  iolisfrved) 
/"<■!.       m  cms./nec. 
■•  »  .   .-  +  » 


X  lO' 


5-0 

1 

•0107 

iS 

,S-() 

■iiiiiy 

16 

-'■(1 

•01 

21 

♦•5 

'01 

21 

4'5 

•(M»4 

7' 

f>-5 

■(11 

J I 

•05 

■ot  (') 

■'O(') 

5-'> 

■dl  I 

17 

2T1 

•■•1  (') 

j..(=) 

kl '" 

3 -(HI 

■-I  l>) 

-•nl'l 

S-  _' 

-.)■" 

(,•=; 

5-0 

If' 

3K-0 

O-u 

3.ro 

'fl 

'.fU 

/'S 

2ri> 

-'7'S 

jMo'o 

(d'li 

I24'o 

'.n 

•rfi 

IS'i 

'•55 

t,  the  interval  dur- 


N.unt  ot  r\|  cnnicnlcr. 


I  Wieiitr  ' 


i  Henri  "   I" 

I  Cliatidcs.ii^ius 

I  I'crriii  and  P.il'nmsk 


In  liie  above  calculations  the  v.due- 
inj;  which  th.-  displ.uement  was  observed,  were  as  f(,ll.,w's 
1  sec.  I..1  Wiener  and  i'lxuer.  1  7  se( .  for  /sif^niondv,  I  2u 
sec.  for  Henri,  and  ?,)  sees,  for  Chaudes,ii^;,,es.  h  |,,,, 
been  p,,int,-d  .uit  ahe.idy  that  the  value  of  the  velo.  it v  in  cms. 
per  sec  depends  on  the  interval  of  time  throu;;!,  ulii,  b  the 
|)article  ,  ..bserved,  |(  |),  ,s  tlu- distance  liav  n' ,,|  ui  tune/. 
then   th,      velocity.    .;  in   <ins,     per    sec.     w.ll    be    I),    /       th.irinl.-, 

'""'•■'    i^'^''"   ^"114,1111    conditions,    ,■•,/       ,1  cons|,uit  ,   i.e.  thj 
smaller  /,  tin-  i.ir(;er  will   be  v. 

•TI.e.c  .r.nU     u,„    >.,!,„:, .,,11, M,  „„1,  ■„„«,„,    .c,  „„„mI,.„  h,     ,, 

sull^».,h»M.:,„sU,M'.   („nnul..  u„l,  ,|u    ..,l,„.  ,,■,  .   ,,,      |,„   \,.„„|,„„„    ,  ,„ 

sUKimnl  liv  I'l  run. 


r'-.    rrrvsicAr.  rRopERriFs  or  cnr.ro/n.\r.  sr./rr/ovs 

Svedberg's"  confirmation  of  the  formulii  was  carried  out 
with  i.latinum  particles  in  various  lujiiid  media,  h>- observations 
usin^r  a  valueof  /  of  the  order  cf  _'  or  ,s  one-hnndreriths  of  a 
sec(M,d.  In  Table  \'  are  arrange<l  the  values  taken  from  Sved- 
bert;'s  paiicr. 


TAiii.K  .\.-svi:di!i;kci's  uhsii.is  iok  I'latim  m  pakiici.ks. 


Mi.liLm  R«diu,  in    Temp,    Time.  /     ... 

cms.  X  iu-1    Cm.     insets.     *"'to-ii). 


Velocity        Veloi.ily 
"'ill       cms.-sec.    In  tms/sec. 


.Aceton  i,-..'i; 

Kihylaceiaic  nji 

Ainylatet:ue  (12^ 

Water  (,■  ,15 

IVop\l  .ilcdliol  0-25 


iS 

i<;,yj 

''Ml  J  ^ 

iq 

(.■(i.'S 

•liOjf) 

IS 

O'djf) 

■0051) 

Jo 

O-OI  ) 

•did' 

20 

0*0009 

•OJjf) 

cms.  ;.  n>5  I 


"■4 

S-(i 

•^4 


(itkul.).    (obaervcd). 


ttl 

.loS 

324 
266 


.iSou 

J2(HI 
-'(JC  K) 


In  order  th.it  a  reliable  comparison  m,,y  be  ma.ie  with  the  re- 
sults of  Table  iX.  the  velocities  in  Table  X  have  been  .■.x- 
pressed  in  cms.  per  sec.  an<i  the  same  value  of  N  has  been  used 
as  that  in  worknig  out  Table  IX.      (.Svedberg  took  N  e.mal  to 

The  only  conclusion  that  we  can  .Iraw  fn-ni  these  results 
!■  that  the  Older  of  the  rlisplacenient.  given  Uy  l-ni.tein-  for- 
mula is  correct.  Smoluch(,wski's  formuki  gives  results  a 
little  more  in  confornnty  with  (he  observed  lacts  th;in  that 
of  I'.iiistein. 

(/'  ///<■  ////^,v/,<-  ,////,•  ;;scvs,n'  of  the  nioiinn,  ,u„l  the  Icn- 
Avv,///;r  -Refernr  '„  the  outline  of  Svedber^.'s  method  of  ,,b- 
servation,  given  o„  ,  age  5H  an.l  in  Fig,  ,,,  .f  ,,,,  ,„„  ,„ 
KiMstenis  (.irnn.la.  D  -.  .,A,  /  will  be  the  tune  re.juired  lur 
tlu-  particle  to  make  one  complete  oscillation  ihei.fore 
\\e   ha\e 

Now,  ,1  we  treat  ntihe   -arne  si/rd  pa.l.clr,  m    ,,„,,.,.  li,|„,.U 
••I    Ihr  same  ti  Ulpiiatuic, 


A    -    <• 


^^hi'ie  ,<■  I,,  a  <  i.n-.l.uit 
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Since,  h)-  this  kinetic  tlicory,  the  a\erai;e  kinetic  energy  ofa 
particle  is  the  same  as  the  average  kinetic  energy  of  a  molc- 
cu'e,  and  since  the  molecules  of  all  fluids  at  the  same  tempera- 
ture have  the  same  average  kinetic  energy,  we  should  expect 
the  average  velocity  of  all  the  particles  to  be  the  same, 
provided  their  masses  are  the  same,  whatever  the  liiiuid  in 
which  the\-  ma>'  be  moving.  Svedberg  remarks  that  the  num- 
bers in  the  last  column  of  the  above  table  may  be  taken  as 
sensibly  constant  and.  therefore,  Einstein's  formula  demands 
that  the  product  i; .  a  should  also  be  constant.  Svedberg 
gives   the  curve.    Fig.    lo,   showing  the  relation   between  the 


JitbulyLitlnilitt 


fJmuUertat 
/tcettn 


Tiii.  lo. 


numbers  in  the  fifth  and  sixth  columns,  from  whicli  we  see  that 
llio  demand  of  the  formula  is  practical!)'  met, 

Results  of  measurements  made  at  tomi)eratures  of  20  C. 
and  7  I  C,  are  given  by  l^xner  and  will  be  found  in  lable  1  X  : 
the  ratio  of  the  values  of  ]),  in  these  two  cases  is  i  :  1  0,  while 
the  ratio  of  the  corresponding  values  of  ,,/TV^  (for  water)  at 
these  two  temperatures  is  1:17. 

Seddig"'  has  shown  by  means  of  a  i)hotogra|)hic  method 
in  CMnjiuutidii  with  the  microscope,  that  finely  divided  cinm- 
bar  in  water  obeys  iMusteiti's  formula,  the  greatest  departure 
from  the  theoretical  value  being  6  per  cent ;  as  is  the  case  with 
nearl)'  all  the  results,  the  observed  velocity  exceeds  the  cal- 
culated Seddig  changed  the  temperature  over  a  long  range 
but  Iniind  that  ih.e  value  ..f  ^/ 1   ,/  was  practically  constatit. 


("h:iu,lesai_mies,''  udikiny  with  an  e.iiulsioii  ,,f  ^ainbogc 
vanwl  tlic  viscosity  cf  a  solution  hy  addiiiy  sugar.  In  this 
way  lie  carried  ,,ut  observations  on  U\n  solutions  containing 
the  same  siml  particles  at  the  same  temperature,  the  vis- 
cosities of  which  were  in  the  ratio  of  i  :  4  and  found  that  the 
motion  was  twice  a.  fast  in  the  less  viscous  .solution  as  it  was 
HI  the  souition  of  higher  viscosity. 

ic)  Relation  of  the  radius  of  the  /,,;-//, /,j.— Table  IX 
shows  that  the  velocities  observed  are  greater  for  the  small 
i^articles  than  for  the  large  ones.  Chau.lesaigucs  also  tested 
this  point  by  observing  the  velocities  of  particles  of  gam- 
boge with  radii  respectively  4-5  x  lo-'cm.  and  213  x  ^o^^ 
practically  a  ratio  of  2  :  i ,  and  fomuJ  that  these  velocities 
varied  mverselx'  as  the  square  of  the  radii.  (This  result  may 
be  calculated  from  Tab!     IX.) 

[d)  Relation  of  the  time  interval  A -We  are  indebted  to 
Chaudesaigues'-  also  for  a  direct  test  of  this  point.  He  ob- 
serve.! the  di.tances  <lescribed  by  50  grains,  each  of  diameter 
:!13  X  10  ■  cm.  during  successive  intervals  of  30  .sees,  each 
and  obtained  the  fallowing  results:  the  particles  moved  over 
on  the  average 

^J  7.  9'3.  11-8,    aiifi     13-95    microns  in 

■5°'  ^'">  90,       and     120       seconds.  1  he 

square  roots  ..f  the  time:,  are  f)r(jporti..nal  to  the  numlu  r., 

^^•/-'  94''.       116,    and     13-4,     giving     an     ideal 

continuation  of  this  point. 

n  The  velocity  independent  of  the  material  and  mass  0/  the 
/,/;•//<■/*'. —This  brings  upa  .lebatable  question,  (iouv"  and 
Jevons^  maintain  that  the  motion  is  independent  .,f  these  two 
circumstances,  while  Cantoni  ^  and  Ramsay'  hohl  that  the 
motion  depends  on  the  material  and  .lensitv  of  the  p.nticle 
I'iiysically,  Smoluchowski  e.vplains  the  motion  being  indepen- 
dent ol  the  mass  by  the  fact  that  the  smaller  velocity  which 
would  be  communicated  to  the  particle  of  larger  mass,  M 
would  be  counterbalanced  l)y  a  greater  persistenc>-  ui  vel.'.city 
pcssessed  by  the  larger  particle  once  it  is  moving  When  it  i's 
borne  in  mind  that  the  theory  deals  witii  the  particles  as  if  they 
were  .igid   spheres,  and  that  in  reality  tins  cannr.t   be  rcali/ed 
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\vc  mnv  .xpcct  the  niotiun  to  .Icpciul  to  v,mc  extent  on  the 
material  of  the  particle:  conse.iuentlv  \>  e  need  n..t  bring  the 
.-M-.itial  truth  of  the  theory  into  ,!.,ubt  if  we  u,..  fiiul  that 
the  materia!  of  tiie  particle  affects  the  inovei.^ent  In  fact 
/s.gmondy  states  that  the  "nature  of  the  subdivided  sub- 
stance apiH^ars  to  intl.ience  the  motion:  f,„-  example  the 
nltr:i-mia-oscopic  d-ist  particles  of  distil!,  d  water  do  not  show 
an  a|)preciable  motion  ". 

(/;  The  Hnncmau  moli,  „  <•/ rot,i!io>i.~^oi^su\<ir\ng  tlie  rota- 
tions which  should  be  produced  in  the  particles  by  the  mole- 
cular shocks,  as  well  as  the  translation,  the  energy  of  rotation  ol 
a  particle  will  be,  on  the  average,  c,|nal  to  its  mean  enen^y  of 
translation.  hiinstein  obtained  the  following  equation  fo^r  the 
mean  square  of  the  a,  ,!c  of  n,t  nio,,,  7,  in  a  time  /,  relatively 
to  an  arbitrary  axis  :    - 

,,      K  J         / 

I'crrin  ^'  has  made  this  test  of  the  theory  by  observin.r  the 
timeofrotat.onofcoinparativeKiargegrainsofmastic  diameter 
•>  Ihose  particles  coul.l  be  seen  in  the  ordinary  microscope 
and  the  time  of  rotation  was  note<i  by  ihe  periodic  appearance 
of  certain  <lefects  in  the  surfaces  of  the  particles.  The  difficulty 
of  CKigulation  was  overcome  by  -.spending  the  particles  in  a 
solution  of  urea  of  the  same  <lensity  as  the  particles  The  re- 
sults ol  s,l.stituting  observed  values  of  „,  ,;,  „  and  /  i„  ,he 
above  l,Mnuil;i  gave  a  value  of  N  equal  to  0-5 
contlrms  the  theorw 

After  the  foregoing  rather  rigorous  comparison  of  theory 
and  observati.u..  we  are  justified  in  regar.iing  the  Urownian 
movement,  in  the  uor.ls  of  Smoh.chowski,  "as  a  visible 
proof  uf  the  reality  of  our  molecular  and  kinetic  hyi-otheses 
n  wc-  rcluce  the  Brownian  n.ovements  to  a  kinetic'phenome- 
iion,  we  have  no  longer  to  mquiie  for  the  source  ,,f  theenepry 
"f  the  motion,  since  tin-  energy  diss,p..,ed  by  viscosi.v  has  ii's 
onginin    the   energy   of   , he    heat    motion.  '   (...y    remarked 


lu 


which 


th.t  this  motion  woul.l  be  a  .omradiction  of  rarnot's  principle 
d  one  were  able  to  concentrate  the  mechanical  effects  ol  tlic- 
movements  of  the  particles.      In  ellect  this  uould  be  a  way  of 
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tran^furmino  lirat  intuumk,  ul„Vh  is  n..t  piadiral  ..n  account 
of  the  {^rossiiCNS  nf  our  in-.tnimcMits  ;  but  it  is  ni.Mc  intore-,tiii^r 
111  tliat  it  dots  not  stvm  as  impossible  as  the  pursuit  o!'  the 
molecules  by  the  aid  of  .Maxwell's  demons."  •'•' 

C>.     I'lKKl.V's    -iivi-   ,)|.     niK    1    ,.1   II,      rill,jK\'    ,,i:    iilK 

(,t)  Perrii,'::  la:.'  of  the  r  uiroitrati,;!  of  p.iifulcs  at  Jilj\yait 
//,7^///,-,_()|,e  of  the  mo.t  remarkable  contributions  to  llic 
kinetic  theory  of  the  J5rownian  movement  lias  been  made  by 
I'errin--  and  his  cfillaboiators. 

If  one  could  obtain  a  uniform  dispersui.l  of  ,in\  material, 
i.e.  one  in  which  the  ^^ranules  are  i.lentical  in  ^i'/e  and  in 
■^hape,  these -ranules  should  arran-e  themselves  in  th,.  liquid 
at  rest  according  to  the  same  law  that  is  obeyed  bv  the 
m,,lecules  ,,f  a  ^^as  under  the  action  of  gravity.  For  the  same 
reason  that  the  air  is  more  .lense  at  sea  level  than  at  the  tops 
of  mountains,  th.>  -rannles  .,f  the  emulsion,  what.-ver  ma> 
have  been  their  initial  distribution,  will  reach  a  stca.ly  state 
in  which  t!ieconcentrati.>n  will  <liminish  as  a  ninction'of  the 
height  from  the  lowest  la\er  ;  and  indeed  the  law  of  rare- 
faction will  be  the  same. 

Suppose  we  have  a  uniform  emulsion  in  oiuilil)rium  in 
a  verticil  cylinder  ot  cross  section  s.  I'he  state  of  ,i  thin 
section  of  tile  li.iui.l  compris.d  between  the  levels  /- ,ind // + ,//, 
uouhl  ,„,t  be  chani^ed  ,f  the  s.-rtio,,  be  enclosed  betucen  two 
I'l^tons  permr,d)le  t,,  tlu-  wat,-r  moK-cules  but  impermeable  to 
the  .pamiles  thenisriv.s.  t),,  (...ch  of  thes.-  pist.ms  there 
would  Ik;  an  osm(,tic  piessme  due-  to  the  bombar.iment  by 
the  -rarmles  whui,  they  .■ncl..se.  If  the  emulsion  is  .Ijhite, 
thisosmoti.-   pres.ute  may  !,.•  calculated   „,  ,,   m.uin.T  sunila.' 

to  that  employo!   in  the  case  .,1   dijut.^   .ojut s,  ..ooidinj.  to 

uhich.  if  at  a  heii^hl  //  theie  ar.'  n  ■p.nns  p.,  unit  s .  ,lume,''the 
oMUotK  pressure,  V.  «,11  be  >  ^  „  W,  whe.e  W  ..luals  the 
lii'-aii  kinetK  ene.-:\  of  ,,  .;raniile  .SuuiLmIn  at  .i  lici  ;lit  //  i 
'//'  the  sahi.-of  the  osmotic  pr,ssui,-  will  be  2  \  [„  ,,  ,///  \\  . 
Now  snue  the  -ran.iks  in  the  s,cti..n  do  n,.t  tall,  theu-  nuisi 
l«.-e,p,il,b.,um    iKtweenall   the  loices  a.  tuiy  on  lliem,  vi/    ^i; 
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tlio  riiffereiice  in  the  osniiitic  pr';s^ure-;  ;it  //  ;iiici  !i  +  dli,  j  ilu- 
total  \\-eiL;ht  of  tlic  j^r. mules,  and  13  tlic  hiKiyaiU  force  due  to 
the  liquid. 

If     T.'=thc  volume  of  each  ;_;ianule, 
//--the  density  of  the  Ljranule, 
:i'===the  densit}'  nf  the  intei'Ljranular  li(iuid, 

the  al)o\-e  conditions  of  e'luilihrium  '.;i\e  u-  the  f  jllowin;.; 
e. luation  :  — 

-  r'    \  .  W  .  dii  -  II .  < .  (ill .  :•  {u  -  re)  ■,'•. 

lnteL;ratiii;.;  from  heii;ht  zero  to  heiL;ht  h,  we  find  : — 

'I  3 
wheie  //,,  and  //  are  the  initial  and  final  \alues  of  ;/,  and  n  is 
the  radius  of  the  particles.  I'hi^  ei]uation  allows  that  thei'm- 
centration  of  tlie  i;ranules  nf  a  unifi>rni  emul-inu  should 
decrease  in  an  e.xponential  fashion  as  a  hmction  of  the  hc'ii;ht 
tir,  in  other  words,  if  the  heii,dUs  increase  in  arithmelii  a)  pro- 
i.'rc-ssion,  the  rati'  of  distribution  of  die  ijr.amiles  should  de- 
cre.ise  in  L;eoiiietrical  pro,L;ression  :  this  is  true,  lA  course, 
pro\idcd  th.it  \\  may  he  treated  ,is  a  con.st.mt  with  re;_;.ird 
to  II  and  //. 

iV'irin  tested  the  trutli  of  this  e(|u.ition  hy  ineasni-in;.;  r.n  h 
of  the  (|uantities, //,  (?,  and  11  u  for  ccit.n'n  \alues  of//,  u -iiu; 
solutions  of  j^amho^c  .uid  mastic  pi(|iari  d  1)\'  millioils  alri  iiK- 

rccc  11 1  led. 

.;)  fiiiTiniHiifioH  I'f  till-  iJcHsilv  of  tlic  /r^^Z/oVv  'Ihe 
den'-il\'  w,!-,  determined  in  '.wo  w.i\  s,  both  ol  which  depen(|  on 
the  flit  that  one  (  ,m  find  the  w  eiidll  ot  ,ohd  -.uh-tanie  in  a 
}^'i\en  s.miple  ot  s.  ilution,  l)\-  e\'.ipoi  .il  in;.;  the  I.itter  .nid  w  t  iidi- 
ini;  I  he  1  li  \    ie-.idiie 

I  he  In  -t  method  w.i  .  .nnplv  to  lind  tin-  sj^ei  itic  ^r.i\  ity  o| 
till    dried  \itieoUs  ni.r---  in  the  ordiii.iiv    way. 

In  the  seioiiij  methiMl  the  \vei;;ht.-  of  w  iti  1  ,iiid  ol  the 
emulsion  liijuned  tw  ti'l  ,\  .pci  ific  t;r,i\it\  li''ili.  "i\  1  1 .  fiiiiiil 
til  si  ,  then  the  emulsion  w.is  ev.iporated  .md  the  weidil  .'I 
solid  in  the  given  weight  of  cinuNioii  olil.iincd. 


^^    /v/i>/r.;/.  rKnrr,rr/i->  or  rori.oinA/.  >,>/j  r/oxs 

If  w      tlic  wci-ht  uf  walcT  hl!ii,j^r  the  bottle, 
w  =the  u-ei-ht  nfc.mul,,,,,,  h!li„u  the  bott'e, 
'/'■■=  the  wei-ht  r,f  v,>h<!  in  weiohl  w'  ,,reii,i,;  iori. 
'/=densit\-  of  the  water, 
I '"     III      III"  I 
I,/'  ,/        I       ^"'""i^-  '^f  the  M,li,l  i„  uvi-ht  ;//■  of  sohition. 

Therefor.',  the  (li;,i-it\-  of  the  s.)li,i  is 


\iH     m'  -m"\ 

\<f  ,/      I 

These    twr,   metho<ls  -ave  concordant    resnlts-o-n-    for 
the  appar.'nt  density  of  ^r.unhoge,  and  0063  for  that  of  nilstic 
(b)  Mosuni,,,-,,,  oftlu-  /•-;,/// ,////,.^,„y/,/,.,_Three  methods 
u-hich  ^^•u■e  resnlts  a;4reein^'  well  amonj;  themseKes  were  used 
111  this  determination. 

First  the  r.te  of  fa"  of  the  upper  surface  of  the  cl,v.,d  of 
particles  „,  a  solution  enclose.)  in  a  vertical  cap.llarv  tube  an.I 
kept  at  a  const.mt  temperature,  was  tneasme.l  an.l  the  ra.Iuis 
determined  h.im  .stokes'  law. 

As    a    sec.n.l    meth,,,!,     IVrrin     counte-l    the    number    ,.f 
('■"•t"^-^  m   a   ^.ven   v.^lmne  of  emulsi,,n  :   he  notice,!   th.at   in 
a  sl,^;htly  aclulate.l  solution  the  i,M-anules  ,.f  K'aml„,oc.  become 
tixed   ,..   the  ,lass   walls    when    they   approach   ue.u-   euou^i, 
After  s,,m,-  hour-,  tlu-  granules  in  a  small  volume   vi.'we.l    in    . 
iilicr,,s,..pe-.tick  totheu.dl  .iu.l  cm  th.en  1...  counte.l 

'"  "''■"""!  Pl'"'-'  >t  wasuoii„.,l  ,l,,,t,  in  a  ,i;„|,t|,.  .„.,■, 
"'•"'■'I  ■■••l'"-n.  the  p.nti.l,-.  som.tnn.-,  .,iek  t.-M'ther  u,  . 
'"■'"''    "''■•  !'!''■> -attach..lt,,th,.u,,ll      thele,u.th,,lthi.. 

■^'nn:;  o,  paMicles  w,.s  m.-,.sure,i  ,u„|  ,h,-  n.uuber  m  ,t  cunte,! 
'"""  "'"'•'  >'i.    .liam.t.'r  ..miI.I  !„■  .l,.,|u,.,|, 

VaM,,u.U      i-"!  |.artul.-.,|r,,m, .;..,,,,;,,. ,.,^,i„, ,,,,„„„., 
""-m'M-nr.,ll,vthe,en.„ns.       I  n  on,   ,  ,,s,.  ,h..  ,  |„,,,.  ,„,,|„„, ; 
Ka\e    l,,r   th,'    s.un.'    p.ntul,.,,    ,,.,;    ^,,    ,,   ,,,    ^^^    „„,    ,,   j^. 

n-spectiveiy  ;  as  a  .secn.l   .•x.uupl,.,  the  apph,  ,.; ,  St,.kes' 

law  to  a  a-rt;.in    .o!uti,,n   ^.,u-  ..    ,|,.uMrt,.|    ,.,|n,,l   to  ,,  .,  • 
while  counting    ,,, ^;ram,lr,   ,n    the   se...n,l   nfth,„|   Hi- 

'^'■•■''"    "■"='•    ""•    '"■'""'l' lhe.e    ir.ults    t,,    M,ppo,t 
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the  hyi,.>thcsis  that  the  laws  of  internal  friction  established  for 
the  (iisplacemonts  of  lar<,re  objects  in  a  uniform  flin'cl,  apply  to 
the  ,iisplacemer,ts.,f  small  objects  which  show  the  J^rownian 
movement.  This  is  a  very  important  point  as  Stokes'  law  is 
u-c(!  by  iM-iistein,  Smohichowski,  and  Langevin  in  the  de- 
dnction  of  the  formula  for  1),-'. 

{<■)  Rrlntion  I'ctiCi-cH  //„  „  ,vt,i  h.—\\\  obtaining  this  relation 
IVrrin  viewed  a  cylindrical  column  of  height  i  lo  mm.  under 
a  microscpe,  which  could  ',e  focussed  at  different  heights  in 
the  li.iuid  b\-  turning  the  micrometer  .screw.  When  the  li.pud 
is  first  put  in  the  apparatus  the  distribution  of  the  particles  is 
apparently  uniform,  but  in  a  few  minutes  it  is  (pn'te  evident 
that  in  the  lower  layers  the  [.articles  become  more  closely 
packed  than  in  the  upper  layers.  The  distribution  reaches  a 
steady  <tate,  and  the  particles  all  remain  in  -.u. pension  ;  I'erriri 
found  that  the  arrangement  was  the  ..ame  at  the  end  of  fifteen 
da)s  as  at  the  ^:\v\  of  three  hours. 

A>  an  e\ami)le  ofhis  reMdt^  I'errin  gives  his  most  careful 
observations,  m.ide  on  granules  of  gamboge  of  diameter  o  Jij 
^l.       Ihe  numbers  of  particles   visibi     at    heights  differing   by 
30  /i  were  cunted  ;   in  .dl  >,,me  13,000  particles  were  observed 
in   tliis  one  e.xperiment.      The   following   values   of     //    :    5   ^, 
.^5  /'.  ''.^  ^~  '»5    ^l.    ga\c'  concentrations   pro[iortional  to  :    100, 
47.    -'3  0,    r.r       IhcM'    numbers    differ    ver)-   little   from  :   i)G^ 
.\^,2.\,  I.',   uhiiji   ,ire   i„   geometrical    progression.      Tlie  coin- 
cidence is   striking    enougii    to    confirm    the    above    formula. 
I'errin    tested    this    Law    for  granules  of  gamboge  of  various 
sizes  and,   assisted   by    Dab.owski,    for   particles  of  mastic  of 
deiiMtx-  I  ,,0^,  ,nid  s.itisfied  iums<.If,,|  ih,-  truth  of  the  iMMuula. 
In     h'lg.    II    UVrrinj  are  drauings  ,,f  tl„-  distributiMii    uf  the 
IMriM  les  in  gamboge  I  g,,miuegutte' and  in.stic  ;  in  thetornier. 
die  lrv,.Is  t.iken  w.Te  at  intervals  of  |,,  ;,  ui||,  p.nticles   o-r,   [, 
in  d... meter,  while  m  the  e.isr  ,,rt|„-  mastu  .  the  intervals  were 
'■"''   '  '  /'  ■""'   "'••   'liamete,,    .    ^,        It    i,    intn.-stn,..    tw   not,- 
ili.it  !li>    ...n.eiitratinii  ,jr,>ps   t,,    ii,,il    v.ilue    in   ,d..Mil    v.\  mm 
differ.-nce  Ml  lev.T  wher.vis   in    the   .Umn,ph,,e   tlu'   s.mie    pi.- 
porlion.il    dc,  KM,,-    ir<|uir 


1-1 _^_ 
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In  tin."  above  formula,  W  is  the  mean  kinetic  encrj,n-  uf  the 
L,Mamiles  wliicii,  accordinc^  to  the  kinetic  theory,  is  equal  to  the 
mean  kinetic  enert,')-  of  a  L;as  molecule  at  the  same  temperature. 

Ihereforc,  W      ^  ;  since  T,  the  temperature  of  the  litjuid, 
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riie  cviiliiatidii  of  \  i-;  the  tostuliich  IV-nin  ;ilu;i\s  ajiplics 
to  his  cxiKi-iincntal  oliscrvations.  W  is  dcteniuiu-d  by  obsrr- 
vatii  ins  of//,  //,,,,//,  aiid /•  and  llicn  N  is  lomid  frdiu  wiUr-s 
ot  K,  Land  \\  .  ]  he  imnibcis  ab(.\c  mi  being  substituted 
in  the  Icirniula  t;i\e  N  '- jO'-,  x  \0". 


HuiiWMAN    MoMMlNi     i\    G■\^I•:s. 


It  was  pointed  out  first  b)'  SnioUithow-Jd  ■'  tliat  w  r  -liduld 
expect  to  liave  tlij  lirownian  movement  in  Kases  as  well  as 
in     hipiids,     and     he    quotes     from     Hodaszewski  •'■'     and     U. 


elimann 


references  to  tlie  danciiit;  movements  exc'cuted 
b_\-  tlie  [)articles  of  fumes  of  amiiiom'um  chloride,  acids, 
pho-phorus,  etc.,  which  they  compared  to  tlie  Drownian  move- 
ment in  li(|uids  an<l  interiJretcd  as  molecular  movements. 
1  lie  toimui.e  of  .Smoluchowski  and  Kin.'^teiti,  L;iven  in  section 
5  e(|uations  7  and  10),  are,  in  accordance  \Mth  their  jiroof  true 
ulienever  Stokes'  law  isapplicable  \  ideZelen>' and  .McKeeiian,' • 
I'errin,  Milh'kan,'"'  :u\(\  I.amb^').  This  law  probably  holds, 
a|)i>ro.\imatel\  ,it  least,  for  tlie  smallest  particle,  \isible  in  tlie 
ultr;imicrosci>iJe  ;  for  lii|uids  this  will  be  true  independeiitlv  of 
the  pressure,  but  for  Leases  the  truth  of  the  st.itement  depends 
on  \,  i  e.  on  tlie  pressure  of  tile  i,^as.  Smoluchowski  [>oints  out 
that,  when  the  ratio  ut  \  :  u  becomes  ver>-  lari^e,  the  law  of 
.Stokes  no  loiij^er  holds,  and  tlie  resistance  tu  the  motion  ofthe 
particles  must  be  determined  !))•  anotlier  method  (Holt/man  )  ; 
lormiila  .(,  section  5,  then  applies.  In  llu-  motions  in  <,',ises 
to  whiJi  alone  this  formula  applies,  it  nia\  be  u-^^-d  either 
lor  e\treinel\-  -mall  particles  or  firlaiv.er  lurlii  le-  if  the  L;as 
pressure  is  very  much  reduced. 

I'direuhatt  ■'■  was  tile  tir,t  to  cany  out  diieit  measui  enients 
on  the  i'vownian  movelileiitol  particle-  in  j^.ise-  llelniind 
t'.at.  a>  !lieor\  predu  t.,  there  i,  a  miu  h  livelier  motion  in 
f,MM-s  than  in  li.|iiids  ,  at  tlu'  same  time  the  action  ot  i;ravit\ 
in  >aiisin.;  \iitical  iles.eitt  of  the  p.irticle.  1.  ,i!-,o  mil.  li  more 
appaient  in  i;,ises  ih.iii  it  is  in  li,|uids  |s,r  coiiip.natu  ely 
lar^e  particle,  in  the  Miioke  o|  <  is;ars  and  ci|.;,iiettes  ,uid  in 
the  iumes  ui    iimiiioiiiuni  (  iiioijiic,  iie   obseivcdan    undoubted 
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z.iK-^aK  Hn.wniaii  inovciiicnt,  wliile  with  smaller  i)articlfs 
ohtainc.l  by  a  spark  „ischa.-e  IkIuccii  /inc,  platinum,  or 
Sliver  elcctroiles,  Ik-  fouiid  tiic  luotimi  v<r\-  rapi.l.  Klireiihaft 
conchi.lcs  tiiat  he  has  -provcl  uithwut  aHwul.t  the  existence 
"I  amotiun  in  -ases  c.mipletely  ana!n.;nus  t,,  tl,e  hmuniaii 
iiKixenient  in  liquids  ". 

As  was  pre<licte.!  by  Sm..luchnwski,  it  is  nmrc  difficult  to  re- 
cognize this  >unti,m  in  ^ases  ,,,,  account  ,,t.  list  url. in- a  mi  verti.ui 
currents  and  the  action  of  -ravity.  l-'or  the  i,ea\  ier  particles, 
the  velocity  due  to  the  f,.rce  (.I'l^ravity  completely  overshadows 
that  due  to  the  molecular  shocks,  v  hiK-  with  the  verj-  small 
particles  the  opj.osite  is  the  case.  Table  X!  I  i^'ives  the  velocities 
impressed  by  molecular  shocks  and  by  the  force  of  gravitation, 
spectively,  on  silver  particles  of  various  sizes  -density  10-5;.' 

TAUI.K  XII.     liKOWMAX   MOMMINT  I\  (iASKS. 


re 


Kjiiius  of  (liu 
p.ii  tule^  III 


I  X  10- • 
5  X  10' 

I     X     10     " 

S  ■  10  « 
I  X  10^ 
5  X  10-' 
1   V   j„    1 


Vi-!oLit\ 

in  tnis. 

per  se^ 

dm*  to 

rnokvular  nhocks 

j                '     N      jir.,a 

6-3  X 

lO-'' 

2-8  X 

lO    3 

J'U     ^ 

III    *^ 

(S-g    ^ 

It)    * 

f'M    ■ 

10    ' 

.;  •  S    .. 

Id     ' 

^■i)   -; 

Id    ' 

\>IoliI)  ill  i.nis. 

per  .SL,..  due  to 

graviiy. 

V      J     ii''..l.ii 

9       n 

\.l  ■ 

Id    ~ 

.1  - 

12    , 

Id   '' 

,1  ^ 

Id    * 

IJ     X 

1  d    * 

3    ■ 

■or  air,  7)  =  rg  x  10-  '  (I'oyiuin;;  ,uul  •Ihonison  "). 


liiese  numbers  shou  that  ulun  ue  reach  particles  havin^ 
diameters  of  the  order  of  the  ,vave-lent;th  of  li-ht  the  two  velo- 
cities do  not  differ  materially.  As  we  deal  with  smaller  par- 
ticles, tile  velocity  induced  by  -ravity  soon  becomes 
net,r|ijrihi^._  ^vhile  with  particles  inereasin^^r  abo\e  ru  ''cms., 
the  motion  due  to  ^;ravit>  soon  .lonnnatrs  tlie  -.ituation.' 
Ihis  is  in  keepiiiL;  wiih  what  lOiienhafl  UnwA  :  ■■r.iitnles, 
tiK'  lin.-.ar  dimensions  of  which  u,av  ,,f  th,'  o,,|,t  ,,1  tl,c  si/e  of 

""■""■'"    '"•'■    !'■'"'    -I"  ■'  ;;•"'   molecule  U     -     ,,,     ■  cms.j,  and 
bome\\h;il     l.iiMi-i    I,  lit;.  I...-   c.n    ;.,    ..     ..:.,  I-  .,  .       . 

"■   '   '■ •■■    '    ■'•'&  •^''i^   idic,    liic   \eiiiLiiv 
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<iiic  to  ^'ravit.-itioii  l^'ii;.;  -ivaUT  tliaii  that  due  to  molecular 
shocks.  I'articks  \\\\k\\  near  tlie  limit  of  visiiiility  in  tlie 
intramicroscoi)e  (i  <  10  -  cms.)  arc  in  such  livel>-  mole- 
cular motion  tliat  the  \ertical  ,L;ra\itational  velocit)-  i-,  com. 
pletcl)-  marked."  l^hreiihat't  \  iewetl  silver  particles  that 
remained  in  lively  motii.n  in  the  air  of  his  ultramicroscopic 
cell  for  some  thirty  minutes.  ilis  measurements  on  the 
ci<,^arctte  smoke  particles  o-ave  a  mean  \eIocity  (jf  2-5  x  10  •> 
cm,  .sec,  and  on  the  ^mailer  [)articles  nf  silver,  .;  o  >;  i  u  ■* 
cm. /sec. 

Much  interesting^  work  has  been  done  in  this  field  by  I)c 
Broglie."  Both  Khrenhaft  and  De  Hr()i,'!ie  have  found  that 
these  silver  particles,  suspenfled  in  air,  are  charijed  and,  by 
measuring  the  velocit\-  impressed  on  them  b\-  a  known  electric 
field,  have  come  to  the  conclusion  that  the  charge  is  that  of 
one  electron.  i'he  values  that  they  find  for  this  charge,  <■, 
are  respectively-  .) 'o  x  to  '"  and  .f5  x  10  " '"  electrostatic 
units  ('see  also  .Millikan  ■'"). 
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X'.VkiDis  \\.\\s 

As  we  have  seen,  each  of  the  formul.e  deduced  in  relation 
to  the  Brownian  movement  involves  the  (piantity  .S,  the  number 
of  molecules  in  one  gram-molecular  weiglit  of  an\-  substance. 
I  his  number  is  associated  witli  the  theoretical  explanation  of 
a  great  variety  of  jjhysiL.d  i)henomena  ;  some  of  tiiese  calcu- 
lations are  collected  in  I'able  Xl  11,  along  with  certain  other 
constants  depending  on  N  I'he  number  of  molecules  in 
one  c.c.  ol  ,1  g.is  ,it  normal  pressure  and  u  C.  («),  comes 
directl)-  fiom  the  relation 

N   =  33400  .  ;/. 
N    is    .also    simj)l>'    connected    witii    the    charge    VV    on    an 
electrolytic  ion,  e.g   of  iiydrogeii,       I'he  decom|)ositiun   by   an 
electric    current    of  one    gram  molecule  of    hydrochloric   acid 

recpiiiVN  a  (piantits-  uf  eln  fricitv  eciu.il  to  </>,;;()  coulomlis 

oik;   farada\-       i'hus,  (ine   giani-at<im  of  h\dr.igen    \    atoms', 


HS    /'//!>/( ,;/.  }'Nori-K rii-.<  iiF  i\)i.i.oinAi.  s<)/.rr/i>\-. 

TAHI.I'    Mil.- \Al.ri.S  (J!-    rilK   .Mdl.la  L'LAK  CONSTANl'S,- 

N.    II,   and   ,. 

N.I3.-T11L-  numbers  in  inlics  :i,c  lliose  <k.!,,cirJ  Jucctly  r,.)ni  ^i  vlii  c-xpci  iiiicnt.il 
il.ita.  The  other  numlui.  .iic  Lumd  tVdiii  the  ino  kLuidiis:  X  . ,  -ivj  ro'^ 
and  N  -  ii .  s^^  .  n,  . 


Name. 


MeihoJ 


\  -  10 


Max'.vell    . 

Maxwell    . 
Clausiiis-MosDiii 
\'an  der  \\  aaK  . 


Meyer 

Iviiistrin-I'errin  . 
i\ayleit,'h-Kel\  in 
Kavl;  ii^li-I.an".  \iii 
I'lanek        .      '    . 

I. or  nti' 

I.iiient/  l-ciy     . 
IVIlat         .  ■      . 
'l'i)'.\  n-end 
I  F.   f.  Thoiiison   . 
II.  A.  Wdson     , 
Millikan     . 
Hegeman  '- 
Dfc'.'.ar  Kutheiloid 
i;n|txi,„ul  K'ulhtrlurd 


K'Uhcrford  Gii^'er 

Ke^'eiier  '  • 
Moieaii  ' ' 
I'errin 

I'erriii  |),il>i(iu-,|si 

I'lriin 

(.  h  iij<Icsai(;;ucs  . 

Idirtuliafl  . 

Ue  Hroglie 


Meanlree  path  and  deiisilv 

ofluiuid  (Mcicury). 
l^illLlic  theory  of  f;ase--. 
I  >iclectriccc)nstant  of  a  f;ns. 
\aliie    of   •■  b  '■  —  oxy^'en 

and  iiitrof^'en. 
—Art;  'n- 
(iencral  resalis    of  kinetic 

theory, 
nill'usjnn  coetficient. 
I'hie  colour  of  the  sky. 
nine  colour  of  the  sky. 
Distribution  of  enerf,'\'in  the 

spectrum  of  hot  bodies, 
I-.lectron    tlieorv    of   radia- 
tion, lonj;  waves. 
Same  as  above -I'ery's  nos, 
IClectrolytic  ions. 
Cloud  experiment. 


Xo.  of  r.iws  ill  I  c,c.  of  He. 
Nil.  of  atoms  in  t'le  weii.'ht 

ol    Ua,  disintet;rated   per 

yr,  and  ill    atomic  wt,  of 

Iva. 
I  irect  determination  of  the 

<■  li.irKe  on  a  particle, 
Sai    !  as  above. 
Char>;e  on  ions  m  llaiius. 
Hrownian     moMiiieiit      of 

rotation. 
Hrownian     iiiovenuut      in 

liijuids. 
Pistil!  iiti..nofi(, II. partiLJes,' 
lirounian     ninvmient      in 

liipiids, 
lirounian      inovenient      in 

teases, 
Hrownian      mo\enieiil     m 

^ases. 


f, 

:;•() 

C-5 

I.'-; 

I'CJ 

1       f)-« 

:'i'ti 

yo 

i'4 

1--J 

2-0 

fi-T 

+  6:' 

+  ■.■7 

t  4-0; 

]:ss 

6-; 

-'■1 

4()-Uli 

l-S-^-o 

7'--.r- 

■ji-'.) 

-'5 

.v^ 

'Ill 

4-0 

3--' 

^^7■; 

-1  ."S 

t  4-69 

,',■' 

J   t 

•(•■'^ 

t ',/; 

+  j-., 

1  4-J') 

fid- 1  .'ill 

-■■7-6-(, 

(■•N-I-.-J 

05-4 

r.i 

■i-tl 

«f3 

,r« 

:i-t 

93'^ 

4'-' 

H-l 

+  6.'-:j 

+  J'S 

f  t-rr, 

+  bi-u 

+  J'S 

f  i-i,T 

+  ■'>:■:{ 

t  j-sf, 

f  VOS 

UiH-S  tjM 


t  Tl-.'i 

+  :ii-r, 

fr,3-o 

if.,-_, 


~9 
t2-8 

ta"9 


iJi 


f  f.J.,, 

t2-S 

+  t-r.r, 

^  6o-5 

t27 

f  /•;,'/ 

1  r,7-3 

+  3'" 

1  /■ ; 

r.s 
I  i-i, 

t  tr> 


'"  ^''^'  ;'"'-■  "'   '""^  ^•"■■■y  "lie   i:„-,i,|;ty  ,,ih1,  Hu'ivforc,  in   dec- 
trostatii   Hints, 
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:'j  X   lu 
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Consfciufiitl)-,  hiiviiit;  K'ven  one  of  tlie  tliroc  (juautitie-; 
-N,  >i,  ni-  ,■,  ux-  may  ca-^ily  <!ctci-ininc  the  dther  two.  In  tiu- 
i-esnits  i^rivcii  ill  tin-  tabic  on  nrM  pai;.-  these  two  relations 
Iia\e  l)een  used  in  deciiicini^  t\v  o  ol  tjie  tluee  (luaiititics  from 
tile   tln'rd. 

liie  luiinbers  marked  uitli  a  dai^ijer  are  tiiose  which  we 
have  chosen  as  hein^,  from  an  exijcrimenta!  iK)int  of  view,  of 
tlie  i,M-eatest  uei-lit.  Millikan,^"  in  sii;^r<^restino  a  similar  -el 
ol  results,  discards  I'ernn's  numljcrs  ujr  reasons  uliich  the 
latter^"  shows  arc  (hie  to  misconceptions.  The  average 
values  suj^rgested  by  Rutherford,  "■  Millikan,  and  from  the  above 
table  are  as  follow  s  : — 

rA!;!.!:   XIV. 


A\erage. 


RiU'icrlord 
Millikrui 
I'roni   Tabic 


llfS 


t  X  lo'" 


2-77  :  4-fi5 
27''  '  4&9 
2-9  4-51 


The  i^reneral  tendcnc)-  of  the  results  of  recent  electrical 
determinations  of  (•  has  been  to  increase  its  \aluc  ;  .jd  x  \o  "■' 
is  proh.ibly  not  far  from  the  true  value  of  f.  The  correspoiidiny 
value  of  \  would  be  63    x    10    --'. 

We  !i,i\c  then  all  the  data  rc(iuired  to  ;;i\e  the  other  im- 
portant ;^as  constants.  The  kinetic  eiieri^y  of  .limitation  of 
a  molecule  e(|uals  3  j  .  Rl'  N.  The  constant  of  molecular 
eneri;y,  j  2  .  R  \,  equals  1 -98  x  10  '"  er-  The  mass  of  an 
atom  ot  hydrotren  ecjuals  i  .  oci.S  N  =.   10  x   10    ''  <Mam. 

Ihe  stiikini^  coincidence  in  the  \arious  best  values  of  N, 
as  sliown  in  Table  XIV,  leaves  iitt'e  room  for  doubt  that  the 
l^rowm'an  movement,  in  both  liquids  and  ^ases,  is  a  direct 
result  of  molecular  shocks  on  the  suspended  particles;  con- 
versely, the  kinetic  theoi)-  receives  the  most  convincing, 
visible  proof  of  its  fundamental  tiuths.  The  vast  ranuiication 
of  the  kinetic  theory  in  the  domain  of  physics  can  h.irdly  be 
illustrated   better  tiian  in   t he  work  siimmari/.ed   in  the   results 
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Till'.  OPTICAL   HROl'IKlIls  Ol'  CO|,I.()Ii1  \I.  SOI  UTIONS. 

AlAki  Irom  tlu-  interest  dcNcloped  b\  the  iiltiainicroscdpe, 
the  chief  importance  of  colloidal  solutions  oiJtic.iUy  lies  in 
tlieir  action  on  liL;ht  which  is  incident  upon  them.  Tlie 
presence  of  the  disper  e  phase  in  the  mechum  ch m^^es  the 
optical  const.uits  of  the  latter  due  to  tlie  ab-or;  tion  of  the 
li^Ht  ,  when  tlie  li-ht  absorbed  lies  in  the  visible  reyi..ii  of  the 
spectrum  we  have  the  colour  of  tlie  solution  by  transmitted 
IiL^ht  detcrniined  chiell_\-  In'  this  absorjition.  'Ihi:,  lias  led  to 
uiuch  work  on  the  colour  i  'colloidal  solut'ons. 

At  the  same  time  the  li^ht  which  is  rellected,  or  scattered 
dithisely  from  these  solutions,  is  found  to  be,  in  j^eneral,  jiar- 
tiall\-  polari/ed,aii<l  often  r-,mpletc'l>- plane  p(  lari/ed  in  a  certain 
plane  This  polarization  the  scattered  li^ht  is  the  second 
pi  lint  of  interest. 

Some  work  has  been  (lunc  on  the  phenonu  non  of  double 
refractinn,  both  niherent  ni  the  solutions  and  arlifi.  i.ill\-  pro- 
duced, and  nn  the  niaLMi.t.. -optical  pmperties  of  the  -oUitioiis 
ciintainni..;  the  Icrr.  .m,<;Mietic  elements. 


I.    Oiloik,     .\li-MKIl|o.\,    .Si    \Tr|.;,;.\,,     \m,     1',  ,|..\ki/ a  IIo.n 

oi    l.n.iir  n\    (.'i  ii.i  i  uos, 

1  hr  thoirctical  umk  on  the  opt  ic  nf  cnllwid.il  s.ilutii.ns 
dials  aluiii^t  enlnelv  \utli  the  !i;;ht  uhuh  is  -^catliird  h .  nn  a 
iMven  sample  ,  on  the  i.thci  hnid,  the  expeiimcnt.d  test.  ,,|  the 
thei.rv  de|)end,   uilli  .1   lew  rx^-pl  1,  .n-..  ,.n  the  detrrmni.-.ti.in  n| 

tilt-  <  no,,-  n|  the  ,d)M,r|it 1  the  i^iven  sample,       IhrM-   is  nut 

iiccessanb   a  simple  lel.itmn  betWe.Mi    the-e   tuo   c|nantities   ,,f 
light  i-'^ecSteubiiiLi  I  I       II  ^v,.  uri,-  dealm!'  men  K   uilh  ihrrni,!- 
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K'cnt  transmitted  iiX^ht  and  the  iK)rtioii  of  the  li-,ht  which  is 
I^revented  from  passins;  lhrou.L,'h,  we  sliould  have  the  relations 
sliown  in  the  accompanying  table  between  the  colour  which  is 
the  result  of  the  transnntted  light  subjective)  and  the  colour 
which  would  result  from  the  combination  of  the  li.^ht  shut  out 
(absorbefl). 

lAlil.l-;   \V.  -C()Klv|-,SI'().NI)l.\(,  .\HS()Klii:i>  AM)  SL' HJl'XTi  Vli  COLOURS.^ 


Wave-         70        '65 
Ic-iiL'th  in 


■5o         "55    I    "53    '    -50 


I  I 

■•f'"^        'IS        ■\^ 


■(O 


JAl)sorh(,i  I'liiplc  Ki,l      ()r.iin,'L-  Vc'l  nv  (irce.i   Oreeii    firrfii  Blue        ttuliijo 'vio 


Colour. 

Sub- 
jective 
colour. 

Wave. 

kngili  in 


%c!!'-,', 


I'lue 


let 


Gricn    Cirtcn  MIiu        Iiuli.^.o  V,„u  1    l>ur|.l.    Ilcl      i),,uH;c   V.  Ilou  ,Grcc.i 

yellow 


blue 
'So  -(S 


•45 


■|0     I      70 


■fiS  •60 


5"; 


•53 


However,  this  dncs  not  mean  that  tlu,'  ab^orbecl  coN.iir 
n..le<i  in  the  above  table  will  -ive  the  (nlour  of  the  scattered 
light  ;  the  latter  is  geiierall\-  of  a  tomposite  character  due 
partly  to  ordinarv  al)Miri)tioii  and  renectioii,  and  partlv  to  se- 
lective relleclion,  an<l  depends  also  on  the  refractive  index  of 
the  ^,llppolting  UK'iiium. 

I.  /'/v;;r.vw/\,vv;/,  A/<sotffion,  ,iii,f  l\,-fh;ti,>,i.-'  W  lini  a  beam 
of  li,;iil  is  allowed  t^  pass  through  a  la>erof  unit  ihi.knessof 
an  absorbing  sub,Iaiue  a  <ertain  fraction  ,,  ,,f  the  light  is 
absorbed,  ,;  is  known  is  ||u-  (oiflicient  ol  tiansiinssi,  ,ii  cf 
""■  nbsi.iii.  ■•.  II  I  ,  deiintes  the  inlciisit\-  of  tin-  initial  b,  am 
and  I  thr  intensity  ot  the  br.im  after  passing  ihn.ugh  a  la\er 
"'  'I'i'l^iir.s  r  ,-ni.,  thru  I  1^  ,,'.  I  In-  ,iuantit>'  „ 
vaih  .  with  thr  \va\c  |,.n;;lh  nf|l„.  li^-ht  and  the  nature  of  the 
•'''•^'"•""■;  ""-'li'i'".  II  Ihr  nitident  be.un  oiisists  nf  a  mi  xt  uf 
ol  li-hl  ^i|  \.iri,,u.  u,nr  I.-m-iIis  u|  intensities  I^,  I  ,,  |  ,  ,,.  (..^ 
whi(  h  the  ^A>v[Yu  icnt  ,  .il  ii.iiisinissinn  arc  .;,,  ,/,, ,/,,  ,-l.  ,  then 
I    -^    I,  .  (/.      I     1       ,/■    t     I       ,/.'      I    la. 
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Tlicqinntity  and  quality  of  the  tr.insmittcci  \v^\^[  varies  with 
the  composition  of  the  incident  i>cam,  i.e.  with  the  natun-  of 
the  source,  with  the  nature  of  the  absorbin^^  medium,  and  with 
the  thickness  traversed. 

On  account  of  the  fact  that  a  depends  on  the  wave-len^nh. 

liRht  of  diffcrentcolours  will  he  absorbed  to  different  extents  and. 
conse(]uently,theemer}rent  li^dit  will  be  coloured  ;  this  colour 
will    be,  in  K'encral,  the   same   for  all  thicknesses  traversed,  the 
tint  deepenin-as  the  thickness  of  the  absorbing  layer  is  increased. 
A  curiou.  result  ensues  if  the  values  of  1  and  ,/'for  the  various 
component  wave-lengths  are  such  that  the  corresponding  values 
of  I     ,'   'han-e   relatively  to  one  another  as  the  thicknes-,  in- 
creases ;  as  aconsLVjuence,  the  colour  of  the  emer-etit  li^dit  may 
c!ian-;c  completely  as  the  tin'ckness  of  the  absorbing  layer  is  in- 
creased.     For  e.vample.  cobalt  f;lass,  while    transmitting    both 
blue  aii<!  red  li;..;ht,  absorbs   the  blue  more  than  the  red  ;   when 
the  thickness  is  large  the  blue  rays  are  almost  entirely  cut  out 
and  the  f,da>s  appears  red  by  transmitted  11^1, t  ;  when  tile  iliick- 
ness  is  small,  the   -l.is,   is   blue   by  transmitted    liL'ht    see  als„ 
Wood'). 

Tile  sum  total  of  theli;j:ht  cut  off  hy  an   absorbin-  l.iy,  r  is 
composite  in  its  nature— a  part  i^  extin^niished  in  tlie  nuvlium  it- 
self, ami  a  part  is  reflected  from  the  surface  or  from  the  int.  i  ior 
of  the   medium;  this   renected  portion  may  coiiMst  of  li^ht  m 
wliich  all  wave-len^nhs  are  reflected  in  the  same  prop,  .rtion,  ,„■ 
we  may   have,  as  in  the  case  of  some  aniline  dyes,  gold,  copper, 
etc..    sele.tive  ie(l.'<  lion,    i.e.    li-ht  of  certain  wave- lengths  be- 
ing  r.ll.rlcd   more   strongly  ihan   th.,(  ..f  other   w.u  e-lengtiis. 
Ordinarily   bodie,  are  made   M^blr    j,y   the    light  n  111.11  is 
<liffilselv  irflrcled  from  tlici,   surfaces  ,nid    li.,m  siructiii.d    iiu- 
'l'i''li">'-    "1    III,'   inleiioi        ill,'  p,nt    that  is   reflected  In-m  llir 
Miterior  siilT.  I  ,  .il)s,,|,,ti,,ii  |,\-  ilH-ni.diiim   allrr  sii,  j,    |,|1,.,  ti,,n 
■Hid  .,.nsr,|uetillyth.'  rellr,  l,-,|   lu;ht   i.  in  g.Mieral  .o|,,nird.       If 
111'-   medium   consists  ,,|    pntul.s    o,     tll„,s    uhi,  li    ii.a,-    Iml,. 
d.-pil,  ,,t  th,.  sul.st.uK  ^,  as  in  ,  louds  ,,r  in  ll.e  b,,th  ,„)  ,,  l„|ui,l, 
111''  absM,|,|i,,„  ,.|  th,'  iiitcni  .ll\T,-t1r,  |,-,|  l,,;|,t   ,.  negli-ihlr  .,.|.| 
tlie,ol,,ur  of  the  ,>  listed  light   is  white  if  the  in,  i.h-iii   |ij;ht   is 
wiiite 
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y  Reflection  then  is  the  proximate  cause  of  colour  in  these 
bodies,  inasmuch  as  uitliout  reflection  no  light  would  reach 
the  eye,  but  absorption  is  the  ultimate  cause,  for  it  is  thus  that 
the  reflected  lit^dit  is  deprived  of  some  of  its  constituents  and 
becomes  ccjloured  "    Preston  "). 

Kollou-in-  out  a  similar  line  of   reasoninL,^    Wood    sa.vs  • 
"Absorption    is   not    the   only   factor   which 'determines   this 
selective  reflection,  and  we  often  t^nd  misleading  statements  in 
text-hooks  on  optics,  it  being  frequently  stated  that   the  wave- 
lengths most  copiously   renectrd  are    the  ones  most   strongly 
absoi  ;,;d.     This  is  by  no  means  the  case.  .    .  .    In  the  case" /,f 
absorbing  media,   the  reflecting  power  de,,cnds    both   on   the 
refr.active  index  and    the  cocfTicient   of  absorption        Now   al)- 
sorbing  media  have  a   high  refractive  index  .mi  tile  red  s„'k-  of 
the  absorption  band  and  a  low  index  on  the  blue  side  ;  conse- 
Muentl)-  the  spectrum  of  the  reflected  light  will  be  brightest  on 
the  red  side  ofthe  absorption  ban.l,  since  for  these  wave-lengths 
ue  have  a  large  coefficient   of  .ibM.rption  and  a  high  refractive 
index.      On  the  blue  side,  however,  the  lo^^   value  ,,f  the  index 
•iMunnshes  the  reflecting   power  more   than   the  aug.nentation 
'Ine   to  the  powerful   absorption       The   hue  of  surface  colour 
thus  depen<ls  on  the  refractive  index    of   the    ,  ,e,lnnn  in  which 
the  substance  is  immersed,  f,,r   it   is   the   relative  and   n..l    the 
absolute  refractive  index   with  which  wc  are  concerned." 

-•.  /■//,■  /.'///,•  Colour  of  llu-  Skv^  Amfuial  Mmo.phafs — 
Il'e  interest  in  the  col,,urs  pro.luced  bv  turbid  mrdi,,  «  .s  i  , 
'be  hrs,  pl.ue.due  to  the  repeate.l  atten,pts  ,o  expl.nn  'the 
'''"'•  '"'""r  ..I  the  sky.  Various  exphuutio,, ,  of  the  l.,ttn 
i''""omenon  i.ave  b.en  put  foruar.l  ,  thatubuh  ,s  ^..-n.^allv 
aceepled  ..t  the  pivsen,  tnt.e  was  rn>t  sugge.ted  bv  Leonard,'. 
■'■'\nu,  ■  n.unely,  tlul  the  ,Umosph.-re  i,  in  reality  a  turbid 
""■''"""•  ""-'l  ^^ifb  panicles  of  dusi.  globules  of  watn'  etc    -.nd 

7    ■"',""'    ^^'"'    "->•   ■"" •    -M.b  n.edia  on    l,ght   p,.'ssin; 

•iHuUgh  then,,  diffuses  la.eialK  light  u  huh  ,s  ruhes,  ,;,  the  b!„; 
tints,  while  the  hglu  whi.  h  IS  dnectly  transmitted  t.nd.  to  h  ae 
tK.redino,,„Ue,.,e       Ibi^  .■xplanatio,,  has  been  e.pennient- 

■.'">""""""""'^    'I"'"' ■'-titicMlatmospheiesot,,,,).,.^ 

'"l"Hi .  ami  vapours  prepared  by  Mriukc,"  Roscoe.  and  I  vnd  ,11  ^ 


O*^     I'lfVSlCAI.  rROPI-.K'riT'.s 


I'^F  coi.LornM.  soLUTio ys 


and  strenj^thenecl,  on  the  thcoicticril  side,  by  the  mathematical 
treatment  of  Raylei.^lr  ;  indeed,  Raylcii^h's  most  recent  con- 
trihutioii'-'  to  the  subject  is  that  the  colour  of  the  atmosphere 
ma\-  possibly  be  explained  by  the  scaHerini;'  action  of  the 
air  molecules  themselves. 

In  one  of  his  experiments  on  artificial  atmos[)heres,  Tyndall 
passed  li,<;ht  throu^di  ,i  tube  into  which  he  had  introduced  a 
mixture  of  air  bubbled  throUL^h  nitrate  of  butyl  and  air  fin 
excess  bubbled  Hirou^h  hydrochloric  acid,  the  total  pressure 
in  the  tube  beinj^^  about  i  cm.  of  mercury.  On  allowini,'  the 
lit;ht  from  an  arc  lamp  to  traverse  the  tube,  chemical  action 
n(  the  two  \apiMus  ensued,  and  a  ver>-  tine  cloud  of  solid 
])articles  be^an  to  form.  .At  first  the  particles  were  exceed- 
ingly small  and  the  colour  observed  laterally  was  a  delicate 
blue,  but  as  the  ex|)eriment  prof^ressed,  tile  particles  <ira<lually 
increased  in  size,  tlie  colour  I'.raduaily  briL^htened,  "  ^till  maiii- 
taininij  its  blueness,  until  at  leni^th  a  whiti-h  tini;e  ininided 
with  thei)ure  ,izure,  aniiwunein,^-  that  the  i)articles  were  now 
no  Ioniser  of  tint  infinitesimal  si/e  which  scatters  onlv  the 
shortest  wave>".  .Similar  artifici.il  atnui^phetes  ma_\- be  made 
in  water  1)_\-  the  addition  (if  a  few  dnips  if  ahuholic  solution 
of  mastic,  or  b\-  the  production  o|  fine  suljihur  particles  due  to 
the  interactb  •  ot  dilute  solutions  of  sodium  h)|iosulphite  and 
hydrochliiric  acid. 

The  li^ht  scattered  b\'  the  incipient  cloud  is  i);utially  |)lane- 
polari/e<l  -the  maximum  percentage  of  polarization  beini;  pro- 
ihiced  at  points  in  tile  pl.uie  at  ri,i;ht  .ini^les  to  the  direction 
..ftlie  iiuideiit  li^lU  ,  the  plane  of  pMl.iri/aticn  in  th.-  Mattered 
lii^hl  is  that  imitainiM^  thi'hcaniot  hVlu  and  the  ex  e  i.f  ihr 
observei-.       As    the    p.irtiele.    in    suspension    ).mow    ni     M/e,    ihe 

i"'iari/al bi'.  onu's  f-ss  c(im|>lete  \\  hile  the  Inies  ahui!.;  whirji 

it  is  a  mavnnnm  .hilt  .lu.ivlmni  the  |iosition  oloi.  to  the 
dnc(  tmn  (i|  tin- ini  idenl  beani  'iNidail  f  lund  af.i  i  I  lial  iheie 
ai\\.i\s  esi-t'  d  nelllial  pnnits  \\\v  le  li.e  pol.ii  i.  .it  ion  w.i-,  'cio 
an  1  .mil  tii  il  in  p.i  .  nii;  thioil^h  the  neutral  point  the  pfine, 
of  polari/ati.  Ml  tinned  thmu-li  .i  li^iit  ,ui^le  ,  this  is  in  i.eep- 
iii'^;  with  the  iib,iTvatioiis  of  .\i,i. ;,.,'"  H.ibinel,''  and  Hiewster'-' 
on  neiiti.ii  (xiiiits  in  tiir  iii-du  iioiu  tiu-  sun. 
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3.  Solutions  and  the  ryudall  P/uiionic>ion.—'U\^  fact 
that  the  so-called  Tyndall  phenomenon  is  shown  by  particles 
very  much  below  the  microscoiiic,  or  even  iiltramicroscopic, 
limit  was  used  by  Kinder  and  Ticton '■'  in  their  experiments 
on  ar^enious  sulphide  solutions.  By  preparing  such  solutions 
with  different  ^^rades  of  dispersion,  they  offered  stront,r  evi.lence 
<«f  tlie  continuity  of  the  transition  from  coarse  suspensions  to 
crystalloidal  solutions;  they  classified  their  various  arsenious 
sulphide  solutions  thus  : 

As.S;,  («)— agjrrejTates  visible  under  the  ordinary  micro- 
scope, 
As.S.,  (/:?)— agi,r,-erTate-  invisible  but  not  diffusible, 
As,_,S.,  (7  — a^rgrei^'ates  diffusible  but  held  by  filter, 
As.S,  (^)- .igfjrej,'ates  diffusible  and  not  held  by  filter  but 

siiowint,'  the  Tyndall  phenomenon. 
More  recently  still  Spring,'^  Lobry  de  Hruyn  '  and  their 
co-workers  have  examined  all  types  of  solutions  fur  the  Tyndall 
effect.  Tyndall  himself  remarked  that  almost  all  licjuids 
have  motes  in  thetn  sufficientlv'  numerous  to  polari/e  the  !i<;ht 
•sensibly;  and  very  beautiful  effects  may  be  obtained  V 
simple  artificial  devices.  When,  for  example,  a  cell  of  dis- 
tilled water  is  placed  in  front  of  the  electric  lamji,  and  a  narrow 
beam  permitted  to  pass  tl.rough  it,  scarcely  an\-  polari/ed 
likdit  is  discharged,  and  scarcely  any  colour  pr.xluced  with  a 
I)late  of  selenite.  Hut  while  the  light  is  jiassing  through  it.  if 
a  iiicce  of  soaj)  be  agitated  in  the  water  above  the  beam,  the 
moment  thcinfinitesim.il  particles  reach  the  beam  llie  liiiuid 
sends  fortli  laterally  almost  perfectly  pi  '  ui/ed  light;  an.j  if 
the  selenite  br  emplcned,  vivid  colours  (lash  into  existence. 
A  still  more  brilliant  result  is  obtained  witli  mastic  dis.solved 
in  a  great  excess  of  alcohol. 

"The  seleinte  rings  constitute  an  extremely  delicate  test 
as  to  tlie  i]uantity  of  rnoto  in  a  luiuid  Commencing  with 
<listiiled  water,  ior  examiile,  a  thickish  iieam  of  lii;ht  is 
nece'-.,uy  to  M.ike  the  polari/.it.on  of  its  motes  sensible.  A 
mu(h  thinnei  beam  iuftice;  for  conmion  water,  winle  \\\{\\ 
r.nickc  ^  piVLipilaied  m.isiic,  a   i)eam  too  thin   to  pro.juie  .my 
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sensible  effect,  with  most  other  liquids,  suffices  fo  brinj^  out 
vividly  the  selenite  colours."" 

B\-  this  effect  Spriiiy  showed  the  [iresence  of  the  at^gre- 
Sates  of  lu'drates  resultin.t;-  from  the  hydroU-sis  of  dissolved 
salts,  and  sui^^gested  the  Tj-iidall  effect  to  explain  gold  ruby 
glass  and  other  metal  glasses  ;  he  defined  a  true  solution  to 
be  one  which  does  nc^t  show  the  Tyndail  effect.  Lobr\-  de 
Bruyn  and  Wolff  found  that  acjueous  s(v!utions  of  saccharose, 
raffino.se,  etc.,  in  high  concentration,  gave  this  diffusely  scattered 
light.  Doubtless  the  recognition  of  the  .scattered  light  has 
deijended  on  the  intensity  of  the  illumination  from  the  source 
and  on  the  sensitiveness  of  the  apparatus  used  b>-  the  various 
workers  for  detecting  tlie  same.  It  has  btx^n  shown  recently 
that,  as  already  noted  by  Tyndail,  it  is  exceedingly  difficult 
to  get  even  distilled  wat<;r  which  does  not  show  some  faint 
indication  of  the  Tyndail  phenomenon. 

4.  Theoretical  Work  on  the  Se,ittering  of  Light  hv  small 
J\irtieles.—'\.\\it  theoretical  importance  of  the  optics  of  colk)ida! 
solutions  was  first  nole<i  by  Farad.n-,"'  and  became  a  subject 
of  his  research  about  \'ilG.  He  gives  the  reasons  wliich  led 
him  to  this  inciuiry  in  the  ToUowing  langu.ige  :— 

"  Light  has  a  relation  to  the  matter  whicii  It  meets  with  in 
its  curse,  and  i^  affected  by  it,  being  retlLxted,  <ieflected, 
transmitted,  refr.icted,  ab.-orbed,  etc.,  by  particles  very  minute 
in  their  dimensions.  The  theory  su|)poses  the  light  to  consist 
of  un.iulations,  which,  though  they  are  in  one  sense  continually 
progressive,  are,  .it  the  -..ime  time,  as  regards  the  particles 
of  the  .filler,  moving  to  .nid  fro  transversel)',  'llic  inimber 
of  progressive  alterations  or  waves  in  an  inch  is  considered  as 
kunwn.  bemg  fr..m  .^r.r.oo  to  S'^.S.So,  and  thr  mnnber  which 
passes  to  the  e\-e  in  .1  s^coikI  ..f  time  i^  kiM.wn  .-(K, ,,  being 
Irom  .158  to  7j;  l)i||i,,„s  ;  but  tiieextenl  of  the  I  iter.il  excursion 
of  the  p.uticles  of  the  .ether,  either  srp.iratel;.  or  conjointl\-, 
is  not  known,  though  both  it  ,ind  the  velo.it>  ;,re  very  small 
Comp..re<i  to  the  extent  of  tlu-  wavean.l  the  velocity  of  its 
|'ro|  igation.  (  oiom'  is  identifie.i  with  the  inimber  of  waves. 
Whether  nlle.tion,  lefi  ,1.  I  ion,  etc. .  h,i\  ,•  ,uiy  rrl.ition  to  tlu- 
extent  ol   lilt  l.ilei.il  ubr.ition,  or  uliether  the)-  are  ikvendenl 
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in  part  upon  some  physical  action  of  the  medium  unknown 
to  or  unsuspected  by  us,  are  points  which  I  understaiKJ  to  be 
as  yet  undetermined. 

"  Conceivini^r    it    very    possible    that    some    experimental 
evidence  of  value  mi-ht  result  from  the  introduction   into  a 
ray  of  separate  particles  havin-  ^^rcat  power  of  action  on  liyht, 
the  particles  being  at  the  same  time  very  .small  compared  to 
the  wave-lengths,  I  sought  among  the  metals  for  such.      Gold 
seemed  especially  fitted  for  experiments  of  this  naturebecau.se 
of  its  comparative  opacity  amongst  bodies,  and  yet  possession 
<jf  a  real   transparency  ;   because  of  its  development  of  colour 
in    both  the    reflected  and    transmitted   ray  ;  because  of  the 
state  of  tenuity  and  division  which  it  permitted  with  the  pre- 
servation of  its  integrity  as  a  metallic  body;  because  of  its 
suppose.!  simplicity  of  character;  and  because  known  pheno- 
mena appeared  to  indicate  that  a  mere  variation  in  the  si/e 
of  its   particles  gave  rise    to  a    variety  of   resultant   colours. 
Resides,  the   waves  of  light   are  so   large  compared   with   the 
<lnnensions  of  the  particles  of  gold  which  in  various  conditions 
can   be   subjected   to  a   ra\-,  that   it  seemed    probable  that  the 
particle,    might    come    int,)    effective    relations  to    the   much 
smaller  vibrations  of  ihe  .ether  particles  ;     in   which   case,   if 
reflecti,.n,    refraction,   absorption,  etc.,    de|H;n.'e<i    upon    such 
relations,  there  was  reason  to  expect  that  these  functions  w.uild 
chan.;e  sensibly  by  the  substitution  of  different  sized  i)articles 
'if  this  metal  for  each  other." 

Similar  language  might  very  well  indicate  the  purpose  of 
workers  who  have  attempted,  since  Faraday's  time,  to  explain 
optical  properties  of  the  metal  m.N  from  the  electromagnetic 
point  of  view. 

t)pticall\-,  the  important  [.oints  <,f  I'araday's  experiments 
on  gold  colloidal  snlutinns  ar.>  his  proofs  that'  such  s(,lutions 
•ontaini.ig  thr  Mnallest  particles  ,,f  g,,!,!  have  red  or  rubv  tiiUs 
l.y  transmitted  light,  .Inl.  if  [ny  any  reason,  the  policies 
become  larger  and  larger,  the  col,,urby  transmilted  light  tends 
luiirr  and  more  to  the  blue. 

11...   .-.„  ...... 

::•■      :::-;    ,:t :  ;■;;;  j,;    ;,,    ,^1^,      ,i   iri.iiiu-inaticij    r.\  pl.ii  l.it  loll    m| 

th.'  action   nf  turbid   inedi.i   ,,n    light    is   that    o(    Kav!ei-h  '   ■' 

7  •  -       -         . 
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first    ill  the  language  of  the  undulatory    theory  simi)ly  and 
later  from  the  point  of  view  of  the   electromagnetic   theory. 
He  assrmes  that  the  foreign  obstructing  matter,  supposed  to 
be  [iresent  in  the  form  of  electrically  non-conducting  particles, 
each  small   in  comparison  with  the  wave-length  of  the  light 
used,  loads  "the  ether  so  as  to  increase  its  inertia  without 
altering    its  resistance  to    distortion.      If  the    particles   were 
away  the  waves  would  pass  on  unbroken,  and  no  light  would 
be  emitted  laterall)-.      Even   with  the  particles  retarding  the 
motion  of  the  ether  the  same  will  be  true  if,  to  countei  balance 
the  increasefl  inertia,  suitable  forces  are  caused  to  act  on  the 
ether  at  all  points  where  the  inertia  is  altereri.     These  forces 
have  the  same  period  and  direction  as  the  undisturbed  luminous 
vibrations  themselves.     The  light  actually  emitted   laterally  is 
thus  the  same  as  would  be  caused  bj-  forces  e.xactly  the  oppos- 
ite of  those  acting  on  the  medium  otherwise  free  from  distur- 
bance, and  it  only  remains  to  see  what  the  effect  of  such  forces 
would  be.      In  the  ilrst  place  there  is  necessarily  a  complete 
symmetry  around   the  direction  of  the  force;  the  disturbance, 
consisting  of    transverse   vibratioiis,   is   propagated    outwards 
in  all  directions  from  the  centre;  and  in  conseciuence  of  the 
symmetry  the  direction  of  the  vibration  m  any  ra\-  lies  in  the 
plane  containing  the  ray  and  the  axis  of  symmetry  ;  that  is  to 
sa_\-,  the  direction  of  vibration  in  the  scattered  or  refracted  ray 
makes  with   the  direc^^ion   in   the  incident  or  primary  ray  the 
least   possible  angle.     The  -^Ninmetry  also  re(iuires  that    the 
intensit_\-    df   the    scattered    light    should   vanish   for    the  ray 
which   Would    be    |)ropagate(l   along    the  axis.      For    there   is 
iiothing    to    distinguish    one    direction    transverse  to  the  r.iy 
from  another.       SupjHJse  for  distinctness  of    statement    that 
the   primary  ra>-  is  vertical,  and   that   the  plane  of  vibration  is 
that  of  the  niiMidian.      The  intensit\-  of  the  light  scattered   by 
a  small   particle  is  constant,  and  a  maximum  for  ra_\-s  l\ing  in 
the  vertical   plane   running  east   and   west,  while   there   is  no 
scattered  ra\-  .along   the  north  and  south  line.      If  the  primary 
ra>     is    unpolari/ed,   the   light    scattered    iiorlli    and   south    is 

iMitirely  (jnij  t'>   th.;'.!  roinn;-.!!;'!!!   u!-.!;  !■.    •.   !-.r:f.--  .=  ■._?     ....!  ■. 

and  is  therefore  perfectly  polari/.ed,  the  direction  of  its  vibration 
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l)ei'iy  cast  and  ux'  >t.  Similarly  aii\-  other  la)-  scattered  lioii- 
zontaliy  is  perfect!)  polarized,  and  the  vibration  is  [jerfornicd 
in  the  horizontal  plane.  In  other  directions  the  [xilarization 
becomes  less  an(i  less  complete  as  we  approach  the  vertical." 

As  a  result  of  the  analysis,  Raylei^di  shows  that  the 
mtensity  I^  of  the  scattered  light  varies  accordinjj  to  the 
followinir  law  : — - 


I<  ^  I.       T^.r  •  (I  +C0S-/9;  --  / 


D-= 


where  I  =  intensity  of  the  incident  h'ght, 

D'  and  D  =  the  optical  density  of  the  particles  and  the 
dispersion  media  respectively  (proportional 
to  the  squares  of  the  corresponding  indices 
of  refraction), 

///  =  number  of  particles  per  unit  volume, 

T  =  volume  of  a  disturbing  [larticle, 

X  -  the  wave-length  of  the  scattered  light, 

/:?  =  the  angle  between  the  litie  of  sight  and  the  incident 
direction. 

It  is  at  once  apparent  that  from  ordinary  white  light 
incident  on  such  a  medium,  the  percentage  of  red  light  (-75  n) 
reflected  would  be  about  one-twelfth  that  of  the  violet  (40  ^) ; 
for  a  given  mass  of  the  disperse  phase  per  unit  volume,  m  T  = 
a  constant,  and  therefore  V  varies  directly  as  T;  for  the 
number  of  particles  per  unit  volume  constant,  i.e.  ;'/  =  a  con- 
stant, I,  varies  directly  as  1"-'.  These  conditions  are  ([uite  in 
agreement  with  the  phenomena  described  by  lyndall  in  his 
experiments. 

When  scattering  alone  is  considered,  the  intensity  of  the 
scattered  light,  1  ,  varies  inversel\-  as  the  fourth  i)ower  of  tlv,: 
wave-length.'"  "Now  the  light  which  reaches  the  eye  is 
sOM'tered,  and  also  transmitted  both  before  and  after  scattering) 
through  some  thickness  .r  of  the  medium.  Hence  its  conijiosi- 
tKin  will  be  determined  by  finding  the  effect  of  truismission  on 
till'  .juantit)-  I,.  This  |)rol)lem  is  ecim'valent  to  that  of  iliiding 
the  intensity  of  a  pencil  of  light  after  transmission  through  an 
ai)sorbing  mecbum  when  the  absorption  varies  inversely  as  the 
fourth  power  of  the  ^wive-length.      Hence  we  have 
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<i\  /■ .  ,/..• 

\  ~  V  ' 
where  /■  is  a  constant,  and  ,/l  tlie  change  of  intensit\-  in 
I>assin,L(  throu-h  a  ia\-er  of  tiiickncss  ,/.v.  The  intcnsit)-  of  tlie 
li-ht  rcachin-  the  eye,  after  sufferin-  scattering  as  well  as 
transmission  throu-h  a  total  tinVkness  .r  of  the  medium,  is 
tlierefore 


I  -  I„ .  f  ~  '\ 
and  expressintr  I^  i,,  terms  of    ',,  we  have  finally 


1== 


This  expression  exhibits  the  joint  effects  of  scattering  and 
transmission,  and  shows  how  I  diminishes  for  larL^e  values  of 
the  wave-lent,nh  as  well  as  for  small  values.  The  maximum 
value  of  I  corresponds  to  some  intermediate  wave-!eni;th 
\„  given  by  the  eciuation 

which  f^ives  the  maximum  value  of  I, 

A 


i,„  =  A.x;/ 


e .  V  .  x 


while  the  intensity   1  correspondini;  to  an)-  w;i\e-length   \  is 
related  to  I„,  by  the  equation 


I  -  -"• 


The  curve  in  Fig.  12  shows  tlie  relation  between  I  and 
I,„  given  by  the  last  formula  for  the  rase  of  the  maxiimim 
scattering  taken  arbitrarily  at  the  wave-length  of  5  x  10  ■  cm. 
The  resulting  curve  is  cjuite  typical  of  the  experimental  curve  . 
obtained  in  the  <ietermination  of  the  jibsorption  of  metal 
glasses  and  colloidal  solutions. 

Ihe  Rayleigh  formula  h;is  been  tested  as  to  the  plane 
|)ol,iri/.ation  being  complete  along  a  line  at  right  angles  I0  the 
incident  light  and  <iuite  well  confirmed  ;  by  Ehrenh.ift,''  who 
obtained  tor  silicic  acid  tjo  .  and  for  arsenic  sulpiude  .-.;  ,  by 
Hock  -'"  on  |)articles  in  a  steam  jet  and  as  to  die  pol.iri/.ation 
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111  various  directions  i.e.  fi  vaiyin^r,  In-  Diiiiinci-'  on  ylasscs  of 
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The  investigation  of  Professor  J.  J.  Thomson  --  on  the  analo- 
gous effect  of  conducting  particles  scattered  throughout  a  given 
medium,  treated  electromagnetically,  leads  to  a  variation  in  the 
position  of  the  lines  of  maximum  polarization. 

"  The  scattered  light  produced  hy  the  incidence  of  a  plane 
polarized  wave  v  •  dshes  in  tiie  plane  through  the  centre  at 
right  angles  to  nagnetic  induction   in  the  incident  wa\e 

along  a  line  maki,  an  angle  of  i  ?o  with  the  rach'us  to  the 
point  at  which  the  wave  first  strikes  the  sphere  and  it  does  not 
vainsh  in  any  direction  other  than  this.  Thus,  if  non-[)olari/.ed 
waves  of  light  or  of  electric  disphi  ment  are  incident  upon  a 
.sphere  whose  radius  is  small  compared  with  the  wave-length 
of  the  incident  vibration,  the  direction  in  which  the  scattered 
light  is  plane  polarized  will  be  inclined  ,it  an  angle  of  i  20  to  the 
direction  of  the  incident  liglit.  The  scattering  of  light  by  small 
metallic  spheres  thus  follows  laws  which  are  (pn'te  different  from 
those  which  hol.l  when  the  scattered  light  is  jjroduced  by  non- 
conducting ii.-Mticles.  In  the  latter  case  Rayleigh.  I'hil.  Mag., 
V.  i::,  p.  Si,  i  88  i  )  when  a  ray  of  plane  polarized  light  falls  on  a 
small  s|)here,  the  scattered  light  vanishes  at  all  points  in  the 
l)lane  normal  to  the  m;ignetic  induction  when  the  radius 
vector  makes  an  angle  of  90  ,  and  not  ijo  ,  with  the  direction 
of  the  incident  ligiit.      Thus  when  non-ijol.ui/ed  light  falls  on  a 
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smrill  n.-ii-conductiiirr  sphere,  the  scattered  h^ht  will  be  com- 
pletel)-  pnlari/.ed  at  an\-  point  in  a  jilane  throucrli  the  centre  of 
tlie  sphere  at  ri-lit  angles  to  the  direction  of  the  incident 
light. 

"When  the  light  is  scattered  by  a  conducting  sphere,  the 
points  at  which  the  light  is  completely  polarized  are  on  the 
surface  of  a  cone  whose  axis  is  the  direction  of  propagation  of 
tile   incident  light  and  whose  semi-vertical  angle  is  ijo  ." 

Tliis  result  was  tested  experimentally  by  Threlfall  and 
Professor  Thomson  -•'  with  negative  results,  but  on  the  other 
hand,  it  has  been  partially  confirmed  by  the  recent  exi)eri- 
mcnta!  results  of  Khrenhaft  '■■  and  Miiller.-^  In  the  light  of  the 
following  comment  by  Professor  Thomson  on  the  above  theory. 
It  IS  easily  possible  that  such  a  variation  in  experiments  may 
still  be  (juite  consonant  with  the  theorj-. 

"  I  made,  about  two  years  ago,  some  rough  experiments  on 
the  polari/.at;  iioflight  scattered  by  small  particles  of  goki, 
the  results  of  which  were  in  agreement  with  those  of  Professor 
Threlfall.  I  regarded  the.se  experiments  as  confirming  the  re- 
•sults  of  Maxwell  and  Wien,  that  the  resistance  of  metals  to 
very  rapidly  alternating  currents  which  constitute  light  is  much 
greater  than  to  steady  currents. 

"  It  is  moreover  very  difficult  to  makethc.se  experiments  so 
as  U>  be  a  fair  test  of  the  theory,  as  it  is  only  when  the  size  o{ 
the  particles  is  within  narrow  limits  that  the  theor\-  would  be 
apijhcable,  even  supposing  the  resistance  to  i)e  as  low  as  for 
steadv-    currents.      To  scatter  the  light  the  diameters    of  the 
particles   must    be   small  compared   with  the  wave-length    of 
light,  while  the  theory  given  in  m\-  '  Recent  Researches  on 
J'ilectricity  and  Magnetism  '  reciuires  that  the  depth  t.)  which 
the  currents  jiroduced  by  the  light  penetrate  the  particle  should 
he  small  fraction  of  the  radius  of  the  i)article.      Now  at  a  depth 
'/  below  the   surface  of   the   sphere   the    intensity  of  the   in- 
duced   current    Naries   as  e  '■',  where  X-  =  [27r^//crJ',  ^l   being 
the    magnetic    permeabilit\-,    a   the   specific    resistance  of  the 
metal,  and  2Tr  p  the  time  of  o.scillatiou  of  the  incident  electrical 
v:!!r;ii;(.;;.       i  hu^  tiie  tuiients   at  a  depth  I  /■  beiow  the  surface 
Will  be  only  i  ,•  of  their  value  at  the  surface  ;  we  may  therefore 
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take  1  /as  the  measure  of  the   thickness  of  tlie  lilm   fille. 
the  currents.      I«'or  '^(M  a  =-   2100  for   steady  currents,  ^ 


and  for  the  D  line^ 


In- 


5 '09; 


10    "  ;  tlius  I  /• 


10"'.  The  wave-length  oftheD  line  is  589  x  lO"',  about  170 
times  I  k.  Thus  for  the  theory  to  be  applicable,  the  diameter 
of  the  particles  must  be  small  compared  with  \and  large  com- 
pared with  i:k.  As  1  X  is  only  170  times  i  /•  this  makes  the 
range  of  diameters  very  small.  A  more  satisfactory  test  of 
the  theor}-  could  be  made  with  longer  wave-lengths  and  larger 
particles  ;  for  the  thickness  to  which  the  currents  descend 
varies  as  the  square  root  of  the  wave-length,  .so  that  the  ratio 
of  the  wave-length  to  the  thickness  of  the  current  film  incroa.ses 
as  the  wave-length  increases." 

As  pointed  out  here,  and  also  in  the  discussion  between 
I'.hrenhaft  and  Tockels,'-'  regarding  the  former's  experimental 
confirmation  of  the  theory,  there  is  the  indeterminate  (]uantity, 
0-,  the  specific  conductivit\-  of  the  metal  spheres  for  the  electric 
waves  in  the  light  waves  which  renders  agreement  with  the 
theory  rather  fortuitous  ;  there  is  a  ver)-  limited  range  of  sizes 
of  particles  for  which  the  maximum  polarization  will,  even 
theoretically,  be  in  a  direction  making  120  with  the  incident 
direction. 

Ihe  invention  of  the  ultramicroscope  with  tiie  consequent 
power  afforded  for  measuring  with  considerable  accuracy  the 
size  of  the  particles  in  colloidal  solutions,  both  solid  (metal 
glasses)  and  liiiuid,  stimulated  the  interest  in  the  optical  pro- 
perties of  these  suspensions.  The  metal  glasses  and  metal  sols 
offer  t!ie  greatest  variety  of  colour  effects  ;  many  of  the  sols,  the 
disperse  phases  of  which  are  compounrls,  and  practically  all 
emulsoids,  are  either  colourless  or  merely  milk\-  white;  the 
latter  probably  contain  particles  which  are  tor)  large  to  scatter 
the  blue  light  suf.icientl>-  in  excess  to  make  the  colour  dis- 
tinctive, or  the  indices  of  the  disperse  phase  and  the  medium 
may  be  so  nearl)- equal  that  the  term  (IJ  -  IJ)  D,  in  the  Ka)-- 
leigh  formula,  is  nearly  zero. 

'Ihe  [iroblem  of  tiic  coKxn-  of  the  metal  sols  .uk! 
glasses  is  rendered  complex  on  account  of  the  man\'  varying 
influences    to  be  taken   into  consideration.      In  the  first  place, 
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the  relation  of  the  si/e  nf  tlie  particle  to  the  uavc-len,L;tIi  of 
the  lii^Hit  used  is  all-important ;  to  apply  KayleiL^h's  or  Thom- 
son's theory  of  scatterin;^',  the  particles  must  be  small  in  com- 
parison with  the  \vave-len;4tli.  I'or  a  t,nven  number  of  p  irticles 
per  unit  volume,  tiie  intensity  of  the  scattered  lit;lit  varies 
directly  as  the  sixth  power  of  the  diameter  and  in\ersel)-  as 
tlie  fourth  i)ouer  of  the  wave-len;^tli  ;  that  is,  it  is  the  li^'ht  of 
short  uave-lennth  that  is  most  .dmntiantly  scattered,  and  tlie 
intensity  of  tlie  scattered  liLjht,  and  tlierefore  also  of  the 
absorption,  increases  rajiidly  with  the  diameter  of  the  ^mall 
particles.  However,  as  the  particles  .tpjiroacli  the  dimensions 
of  the  wavc-len^'tii,  we  sliall  have  orth'nary  reflection  piieno- 
mcna(inchif'inL; selective  reflection)  coming'  into  play  ;  in  whicii 
case,  the  intensity  of  the  diffused  lii,dit  (and  therefore  also  the 
amount  of  thi-  aioorption   \aries,  in  L;eneral,  according;  to  the  law 

,,  Constant 

K      I  on  - 

for  a  .i.;i\en  metal  ;  i.e.  the  i^rciter  the  wa\-edeni;th,  the  i^rcatcr 
the  scattered  or  refiecteil  liL;iit  ;  in  addition,  tile  rellecled  li;.;lit 
nowsaries  a--  the  siju.iri-  of  the  diame'  '•.  I'lu,'  transitinn  fioni 
samples  witli  extreme!)-  small  parti' les  to  tiiose  witii  particles 
of  microscopic  size  afl'ords  an  infinite  variety  of  possi!)ilitit's  in 
tlieii'  ahsorpt  ii  m. 

.^i;ain,  ;is  a  consi'i^uence  of  Rayleif^l's  formula  ]>  mi), 
there  i-.  sume  wax  t-lenL,'tli,  not  necessarily  in  the  visible  rei^ion 
of  the  spi'ctrnm,  for  which,  with  scatterinj^  alone,  we  sliould  yet 
a  maximum  intensity. 

in  th'' third  jilace,  we  mti-t  .-ilwaNs  take  into  con-,idi'iat  ion, 
iii't  Hilly  tlie  re  iIdii  between  (lie  I'efiattive  indii  <  >  of  the  nu  t.d 
|>artul(-,  and  the  sii|i|iiirl  in;;  medium  fnr  ,i  sinjde  value  of  the 
wave  leii;;th,  bnl  aKo  the  (h\peish  ins  of  the  I  w. .  Mibst.nices. 
As  pointed  (iiil  by  (  lirisl ianseii,  '  if  pdwiK'nd  i;las>  paiti(les 
(of  diuien-^ioii ,  (iiinpaiable  with  tiic  w  ,i\  f-len^th  ol  lii^iit  be 
suspended  in  a  li(|uid  ol  identuallv  the  same  refractive  index 
for  some  st.mdaid  wa\  e-Ieii5;tli,  t.iloin  will  still  be  pnidiKcd, 
on  account  ol  the  dilli'ieiK  i-  m  tjv  dispersion^  i,|  tiir  b({ind 
and  the  j;l.i  ■ .  Simil  ,1\,  w  ith  a  sii -pension  of  ccippei  p.u  In  Ic-. 
Ill    v\,iter,    il    llieie   wi   i'   no  olliei    modilyiin;   LiUse^   onlv    the 
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uave-lcngth  for  whicli  tlu'  iiKicx  (if  rcfractidii  of  copijci-  is 
cqii.-il  to  that  of  water  wodld  be  transmitted  uiicliaiv^ed  {vi.lc 
Ganiett  -■). 

I'iiiaily,  ill  tile  discussion  from  an  electrnmaL;netic  point  of 
view,  it  is  ajiparent  that  variations  in  such  features  as  tlie  sur- 
face, shape,  etc.,  of  the  particles  will  make  large  chan.L,'es  in  the 
ojjtical  constants  of  the  solution,  and  consequent  variations  in 
the  ahsorjition  o(  liLjht. 

This  comjilexity  has  necessitated  the  attack  beint^  made  ini- 
tiall>-  with  vcr\-  simple  assumptions.  The  first  of  the  more  re- 
cent attempts  to  solve  the  problem  of  the  variations  in  the 
colour  of  thes>;  uisijcnsions  is  that  of  Garnett. '■  1  le  dealt  more 
particularly  with  metal  glasses  {-"M,  silver,  and  copper)  an.l  the 
metal  sols  of  gold  and  silver.  The  object  of  his  work  was  "to 
obtain  information  concernnig  the  ultrarnicrosco])ic  structure 
of  various  metal  glasses,  colloidal  solutions,  and  metallic  films,  by 
calculating  optical  jtroperties  corresponding  to  certain  assumed 
microstructures,  and  by  oimparing  tiie  calc  lated  pmperties 
with  thiise  observed  ".  Calculations  were  made  for  three  tvpes 
of  microstnuture,  (i)  that  in  which  die  metal  molecules  were 
liistrilnited  at  random  (called  b\-  (iarnett,  amorphous  ,  2  that  in 
which  the  metal  molecules  were  arranged  in  small  spherical 
groujis,  man>-  to  ,a  wave-length  of  light  !granular\  and  (^^Hhat 
in  whicii  the  small  spheres  were  repl.iced  In-  small  spheroids 
(spicular). 

I'ollowii.g  I.oren/,  llert/,  and  i\.i>!cigh,  (".arnett  first  show  s 
that  a  metal  plieie,  small  conip.ired  with  the  w,i\  e-length  of 
light,  prndiice,  in  .ill  siirrnimding  sp.ue  the  same  elTect  as 
would  be  produced  1)\-  ,1  ilt.'it/iaii  douiilet  plac((l  it  its  centre. 
It  liL'lit  of  wave-.etigth  \  fdls  upon  .1  sphereot  met. d  of  r.i  litis 
(/,  ol  'vbaitive  i  idex  ;/,  .ind  of  I'xtinctioii  coeflicient  /•,  then 
tlie  complex  dielectric  (  oust. lilt  .   uill  heexpie.s,  d  by 

S  '/  I  ih  ^1,  .  ,  ^1  1  , 
It  llieic  be  .M  siu  li  spju'ics  prr  unit  \oliinie,  /'/  r,rnii<,  (iarnett 
sho\v^  that  considiriiig  .1  Ndlniiu-  wliic  h  in  ,ill  its  diicctions  is 
great  ronipared  with  the  w  .i\  I'-leiiglh  ot  light,  this  iomi>lex 
nirdiiim  i^  optically  I'Uiiivalent  to  a  medium  ol  r.liactive  iiirliv 
'/   .md  extinction  coelVicient  ^    !m\<'ii  I  \    tiie  etiuatioii 
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wlieic 


47rM,/'.     .  , 
47r,,    „  N--  I 


I 


\\a 


N-  +  : 


or,    if  IX    -  the    vdliimc    ni    metal    [)lt  c.c.    of  the    solution, 


I  + 


I  - 


N-  -  I 

r  +  2 
N-  I 


^^  N-'  + 


N-  +  2 

If  the  metal  spheres  be  situated  in  t,'lass  of  refractive   index    v 
instead  of/;/  vacuo,  the  ecjuation  becomes 


[;/'(■«  -  ik')'\-  ^  i  ^  v~  ■\- 


3M"- 


„    N-  -  V- 


'-^    N         ,. 

"The  constants,  ;/'  and  k'  of  the  medium  thus  (lei)end  only 
on  /<,  the  relative  volume  of  metal,  and  not  i^w  the  radii  of  the 
individual  spheres.  It  is  rle.ir  that  the  spheres  ma_\  n<i\\  be 
supposed  to  be  of  cpn'te  v.irious  i.idii,  provided  onlv  that  thert- 
l)r  many  to  the  wave-lenf^'th  of  lij^ht  in  the  medium.  " 

In   the  ea-^cs  under  consideration,  metal  ^dasses  and  metal 

sols,  the  fraiiion  ^  \^  al\v,i\s  sm.dl  ;  ne^dectin^;  in  the  latter 

N--.-'^   .  .  .  ,       . 

e(iuati(m,   ^i  ,  »,.,--—  .  m  comparison  with  unitv,  ue  may  v.iile 

\-  _     - 

\>i{\      iK■\^;     ,.'  -  3^,.'  .  ,^„     y  ,  ^.  sav,  y^iv'ia  -  2//3\ 

CS'  ■\-2V  ■  r-  r- 

l''.(]uatin(;   real   and   imai;inary  p.ul^,  we  ^et  expressions  fur  « 
111  ,i  in  ti'rnisdf //,    X,  and  v.      Introducing.;   at    each   step   tin- 
fact  that  li  is  ,1  small  (juantitw  the  ,-m,d\sis  r;ive.s 

n'k'^  ^^)7:i  and  //      im  1    I-  !^a). 
That  is,  knowin;.;  tlie  vahn' .  of  ;/  and  /■  Ini  tlir  metal    \v.  Ioiuk! 
li'im    iitliel    indeiiepdent  ex|ierimenis  i,  wr   mav'  detirnnne    the 
values  iA  II   ,<' .mil   ;/    for  the   complex    meilium.       Ihe  .dmve 
ai)plies  to  the  mrt.d  in  what  (i.irnetl  calU  the  L;r,nuil,ir  .l.ite. 
rr.r   ITiC  .ulunpiioiis   si.i'u    oi    siii>iiu  I--I.  Ill  oi    iiie    inei.ii,    i  c. 
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suspended  as  a  molecular  solution,  takin^^  for  the  constants  of 
the  solution  n",  k",  N",  e",  we  have 

N"  =  „"(l  -ik")=  s/t", 
and  the  corresponding  equations  : — 

[;/'(i   -//,•■)]'- r- -- ;2 +^')/A      to      ^  o -say,  (''2+ 1'-'}^.  (a'-2//:J  ). 

Attain,  e(jualing  real  and  iina;4inary  [)arts,  we  nia)-  obtain  a 
and  ji'  in  terms  of  .•/,  k,  and  ;-,  and  the  resulting  equations, 

,,,,.       2+,/-'  /  2+1'-  ,\ 

n  k   =  .  U.8   and  n   ---  v\  if        „    •  Ma    • 

(larnctt  shows  that  tlie  expressions  n  k'  and  ;/  /,■ ', 
measure  the  absorption  in  the  granular  and  amorphous  states 
res|)ectivel\-  ;  that  is,  "  wiien  light  of  a  wave-length  \  traverses 
a  thickn.ess  ,{  of  a  metalliferous  medium,  the  intensity  of  the 
ligiit  is  reduced  in  the  proportion 

,    11"*"  n'*' 

(•  '"•'      ^      or  c  '"''  — > 
according    as  the    metal   is    in    true    solution    or    in    splierieai 


Tile  above  theory  lends  itself  to  experimental  confirmation 
b\'  the  calculation  of  the  absorption  pioduced  by  a  given 
Si  lution  contaiinng  what  arc  known  lobe  fine  particles,  and 
comp.iring  tliesc  calculations  witii  the  r',-sults  ot  experiment. 
A  \er\  exliaustive  series  of  such  exi)eriments  w.is  carried  out 
by  (iarnett  on  gold,  sii\er,  and  cop|)er  glasses,  and  gold  and 
siWer  Colloidal  solutions.  In  general  there  is  .i  striking  agrei- 
ment  Intween  tiie  calculated  and  tiie  observed  results. 

it  will  be  noticed  from  (iarnctt's  forinul.e  th.it  tlie  n- 
Iractixe  index  o(  the  (cmplex  me<lium  whicli  has  tlu'  metal  in 
molecular  solution  is  difterent  from  that  in  which  the  metal  is 
in  till'  lorm  of  small  spheres,  (iainett's  experiments  on  the 
retractive  indices  of  colloidal  siKcr  solutions  tor  the  sodium 
yellow  line  gave  v..lues  exceedingly  ne.irthe  value  <i\  calculate  d 
(I'lUl  the  (listi  ibut  ion  of  s|ilu'res  ;  he  i()ns(i|uent  l\'  (oiuludcs 
■'that  practiraliy  the  whole  of  tile  siKermusi  \\a\v  been  in 
suspension  in  the  (orm  of  small  splu-tes". 

As  the  uholi'  of  ( 1,11  nett'-  tieatment  irlates  to  the 
pin  111  iiiiiiia    o'oseiM'ii    w  nil     .|iiieii-s    -niaii    '     inp.iiiti    \\\\\\    \\\v 
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wave-len-th  t)f  li<;ht  in  the  medium,  Spencc -'extended  it  ex- 
perimentally b\-  iisiny  infra-red  rays,  of  wave-length  up  to 
iS  X  lo-'cm.  and  determininL,^  the  absor|)tion  of  Bredig  metal 
sols  of  i;uld,  platinum,  an<l  silver.  However  tliere  was  the 
adch'tional  difficulty  that  the  liquid  media  themselves  absorbed 
these  !a>s  to  a  certain  extent.  Spence  extended  Garnett's 
theoretical  work  t<j  include  the  case  of  the  supportini;  media 
itself  showing  absorption  nf  the  rays  used.  If  the  Cdmjile.x 
dielectric  constant  of  th,';  medium  be  written 

t-=r(i  -/■-■;, 
we  shall  have  the  dielectric  constant  (if  this  medimn  wlien  the 
spheres  are  distributed  in  it  given  b}-  the  e(|uation 


,it    M  • 


e     + 


I  +ti. 


f  +  2t"    I 


Kdlluwing  (Jilt  (laniett's  analysis  and  keeping  in  nn'nd  the 
negligible  quantities  ip.xolved  in  relation  to  colloidal  solutions, 
S|)ence  gets  for  the'  refracti\  '  -lex,  //,  of  the  metal  in  tiie 
solution,  the  equ.ition 


2a(t-  7i-)\ 

— the  I 'lilt  of  a  quadr.itic  eipiation  in  //. 

where    r       k  u       the  absor|ition  coefficient  tif  the  inetal, 
V       the  refr.ictivt'  iiuK  \  of  the  medium  itself, 
t  ^  k' H   -^    the    absorption    coefificient   of  the  colloid. i! 

solution, 

.•','■  /'       the  .ibsorption   (■(ic-fficient  of  the   supporting 

uieilinni. 

When  //  i-  Clin  .idei.dily  le^->  than  i ,  the  ijuadr.itic  ecpi.ition 
irduces  to 

;/   .  '         i. 

fwii  rc-.idt--  are  inunedi,i!e!\'  dedueible  foim  the  tlii.(ir\- : 
(l^  the  value  of  (/ -  li'),  the  diffrum  e  bctuti  ii  the  absorptions 
'if  the  colloidiil  solution  .ind  the  --upportnig  medium  ischrectly 

!  >!  o!H  M  1  !l  i!  i:i!     \:\    :i       !!»:■:.;::;:■:;•:  .;t :;:; ;  t  '     •  ^.  .\....     .  .i"    i.     .  .!. 

t.iiiied    I'M    a  guiii  mct.il   .-.houlil    be   uidejiendent   of  the  sup- 
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i)orting  medium.  Spence  confirmed  both  of  these  points 
exiJerimentaliy  for  wave-lengths  up  to  1 8  x  lo-'cm.  He  ob- 
tained the  indices  of  refraction  for  gold,  silver,  and  platinum 
in  solutions  with  water  and  ethyl  malonate.  respectively,  as 
the  supporting  media;  his  values  agreed  well  among  them- 
selves and  also  with  corresponding  values  found  by  other 
workers  by  mor-  direct  methods.  As  an  additional  test  of 
his  results,  he  calculated   the  value  of  R   in  Drude's  ccjuaticin 

(«'  + 1)- +rt-" 

where  R  is  the  reflection  coefficient  and  a  the  absorptiim 
coefficient  and  found  close  agreement  between  his  results  and 
those  observed  by  others. 

B\-  calculating  the  light  scattered  b>-  small  particles  of  a 
colloidal  solution  as  a  series  of  partial  wavelets  of  two  groujis, 
viz.,  those  corresponding  respecti\ely  to  the  electric  and 
magnetic  vibrations  of  the  particles,  Mie''  has  determined  the 
optical  properties  of  turbid  media,  in  which  the  particles  ma\' 
be  regarded  as  spherical  and  for  which  the  turbidity  is  infinitely 
thin  oi)tically,  such  a>  is  the  case  with  ordinary  colloidal 
solutions.  C;nl)-  a  finite  number  of  these  partial  waves  need 
be  taken  into  account  in  ihese  cases  ;  in  any  case,  the  ;•  i  )th 
magnetic  vibration  is  considered  simultaneousl)'  w  ith  the  ;th 
electric  vibration.  For  colloidal  solutions  with  very  fine 
particles  only  the  first  electric  vibration  need  be  considered  ; 
this  corresponds  to  the  Rayleigh  scattering.  With  coarser 
particles  one  must  alsn  take  account  of  the  first  magnetn.  and 
the  .second  electric  vibrations.  If  an  unixjlari/ed  beam  ol  light  is 
passed  through  a  colloidal  solution,  the  laterally  scattered  light 
iscompletel)-  or  panially  plane  polarized,  but  iu\er  elliptically 
Ijol.inzed  ;  this  seem--  to  be  borne  out  In-  the  cunsen--ns  nf  ex- 
perimental results.  For  gold  solutions  with  particles  sphei  ical ) 
up  to  about  I  oo /t/i  in  diameter,  the  light  -rattered  Literally 
gives  on!\  the  Rayleigh  beams,  the  maxinuim  [xilarization 
(»hno>;l  luo  per  cent )  occurring  .it  i;<i  ,  A-.  the  paiticli",  in- 
crease in  size,  the  auioimt  of  uni)olarize(i  light  in  the  plane  at 
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than  90,  until  for  particles  of  160  to   1 80 /i/i  diameter,  they 
lie  between  1 10  ami  120   to  the  incident  direction.      As  shown 
also  hv  the  Kayleii;h  fi)rmnla,  for  constant  concentration  the 
scattered  radiation  of  ver>-  fine  turbidities  is  proportional  to  the 
volume  of  the  \  cry  fine  particles.      In  coarser  sols,  the  scattered 
light  grows  slowly  with  increasing  si/e  of  jiarticle  and  finally 
reaches  a  maximum,  which  depends  on  the  wave-length  ;  with 
gold  [larticles,  the  maximum  scattering  is  given   by    particles 
with  diametf.s  between  i  4  and  i  3  of  the  wave-length  in  the 
dispersion  medium.      Mie  finds  that  results  do  not  justify  the 
assinnption  that  the  particles  are  perfectly  conducting  spheres. 
The    scattered    light    from    gold    [jarticles    is  generally   much 
stronger  than   would  be  expected   from   i>erfectly  conducting 
spheres  of  the  same  si/e.     in  addition,  with  thefinest  subdivision 
of  the  gold,  the  scattered  light  >hows  a  very  distinct  maximum 
in  the  greenish   yellow   rather  than   in   the   blue   violet.      Tlie 
absorption   of  coH'iidal   gold   solutions  depends    on   two   pro- 
])erties  of  metallic  gold,  tiie  abilit\-  to  absorb   light  ;ui<i   to   re- 
flect light.      Solutions,  in  which   the  diffuse   reflection  is  small 
compared    with  tlie   proper  absijrption,   show   the   absorption 
maximum  of  tlie  gold    particles,  whicli   lies  in   the  green  ;  by 
transmitted   light   the\-  are  rub\-  red.      Solutions   which   sliow 
strong  ditTuse   reflerlion  ai)pear  by  transinitte<i  light   blue,  be- 
cause gold  reflects  chiefly  the  reddish  yellow  light. 

Steubing,  a  pupil  of  Mie,'  was  the  first  to  measure  (pian- 
til.itivels'  the  inteiisits' of  the  M-;ittered  light,  as  well  as  that  of 
the  tiaii'-initted  light.  Working  with  \.  lous  gold  sols,  he 
fMiiiid  til, it  as  a  general  thing,  onl\-  a  ^mall  portion  of  light 
was  lust  bv  scattering,  the  greater  ji.irt  of  the  light  tut  out 
being  <le--tnK-tivelv  absorbed  in  the  metal.  Ihi--  result  bears 
out  the  views  expri'ssed  be  Mie  "and  I'ockels  '  that  the'  e\- 
|il, Illation    of    the  coloiUN  by    resonance    is    not    possible.      in 


addition  to  tinding  the   absorption   ma.\ima 


ifferent 


Stnibing  iiie.i-uied  the  poKni/.itioii  ol  the  M-attiTe<i  ligiu  ; 
he  loiiiul  it  to  be  putiallN  plane  polarized,  the  direction  of 
till-  iiia\imum  pol.n  i  ation  being  at  on  to  ihi-  incident  beam 
,uid  .nnounting  to  .ihoul  od  per  cent  of  tlie  tot.ii  light  in  that 
diieetion.      Cuntrars    to   the   results  of  uthers   he    tound    th.it 
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certain   t^rold   sols,   blue   !n-    traiiMiiitted    li.^ht,    contained    ex- 
tremely fine  [)articles. 

G.iiis  and  llappel"  extended  (iarnett's  and  Mie's  theo- 
retical work  so  as  to  make  t!\e  tlieorv  qjpliiahle  to  concentratefl 
solutions  and  also  to  sols  contai  .in_<;  particles  not  small 
comi)ared  witli  the  uave-lent^th  of  tiie  light.  They  deduced 
lornuil.e  for  the  refractive  index  of  a  colloidal  solution  and  the 
absorption  per  unit  len<.nh  (not  to  be  confused  with  the  ai)sorp- 
tioii  coefficient ).  They  ajiplied  their  formula  to  two  special 
cases,  i[)an  infinitely  dilute  solution  containinj^r  particles  of 
various  sizes,  and  {2)  solutions  containiii;^  infinitely  small 
particles  but  of  varying;  concentrations.  Later  (]ans  "'  extended 
Mie's  work  to  apply  to  elli[).soidal  particles,  and  found  that  tlie 
absorption  curves  moved  forward  to  the  lar^'er  wave-ienj.,'ths 
as  the  ])articles  departetl  from  the  splierical  form.  He  con- 
cludes that  tlie  fine  particles  in  Steubing's  blue  solutions  were 
probably  ellipsoidal.  In  a  still  later  paper,''-'  tlie  same  autlior 
fjives  the  curves  of  absor])tion  of  silver  sols  consisting;  of 
ellipsoidal  particles,  from  numbers  calculated  by  Muller.-^ 
Supi)osin.i;  that  the  particles  are  ellijjsoids  of  revolution  with 
the  ratio  of  the  axes  A  :  H,  a  variation  in  tlie  value  of  A:  H 
pives  surjirising  variety  in  the  form  of  tlie  theoretical  absorp- 
tion curve. 

l.amp.i  ■'•' attacked  the  same  problem  of  detcrmininfj;  the 
absorption  and  refraction  coefficients  of  an  ideal  colloidal  solu- 
tion from  an  independent  point  of  \  iew  lie  bef^an  witli 
Hasenorhl's  calculations  of  the  chanj^es  suffe'red  by  a  plane 
polari/ed  electromagnetic  wave  traversing  a  medium  an  ideal 
gas — composed  of  imilorml)'  distributed  spheres  with  dielectric 
constant,  permeabilit\-.  and  conductivity  different  from  those 
of  the  supi>orting  medium,  His  exjjressions  for  the  o|)tica] 
constants  ol  ,1  dilute  colloidal  solution  are  show  11  to  be  identical 
with  the  analogous  exi)ressions  given  by  ,\Iie,  and  Cian^  and 
llappel.  I'.xperimenting  on  a  red  lolloidal  gold  soliitmn  con- 
taining 01  I  grm.  of  golil  per  loii  c.cs.,  he  found  that  the 
observed  absorption  curves  were  similar  to  the  (.aliulated 
curves  i)ut  not  coincident  with  them  1  see  ,i!so  Kolla'"j. 

'..amp.i'    ,nul  Robilseluk   "  lia\e   s!io\\ri   b)    ingenious  ex- 
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lici-imi;nt.  that  tlic  rcil  l^oM  sdlutidus  (transmitted  liL;litj  con- 
sist i)f  tiller  ])artic!cs  tiiaii  the  bhie  solutions.  By  centrifuL^int; 
a  sample  of  blue  solution,  I.ampa  showed  that  the  transparency 
towards  the  red  increases  as  the  centrifu_L,nn;^r  proceeds,  and 
that,  therefore,  since  the  lari^'er  jiarticles  are  expelled  from  the 
solution  fn-st,  the  red  solution  contains  the  smaller  particles. 
Kobitschek  found  in  the  centrirui;e  tube  a  i^nadation  h-om  red 
transparency  at  the  top  of  the  tube  to  blue  transparency  at 
the  Ijottom  after  a  sample  had  been  centrifui^ed  for  scjmc  time. 

We  may  s.ifely  conchide  that,  in  ijeneral,  there  is  a  direct 
conne.\ion  between  the  si/e  of  the  particles  in  metallic  col- 
loidal solutions  as  worked  out  i)articularl\-  for  i;old  solutions  ; 
l)ut  tliat  an_\-  rule  definini^  this  connexion  is  bound  to  lia\e 
exceptions  introduced  when  the  particles  depart  irom  the 
spherical  form. 

In  his  work  on  tlie  proof  of  the  continuity  of  jihysical 
properties  ;uid  molecular  solutions,  Svedberj.;  ■''  has  perionned 
two  series  of  experiments  on  the  optical  properties  of  colloidal 
solutions;  (I  colorimetric,  and  2'  spectro])hotometric.  In 
the  tlrst  series  he  determines  the  limit  if  tiie  \isil)ilit_\-  of  th.e 
Colour  produced  b\'  \'arious  solution-  of  .L;old  coiitainiiiL; 
particlt.'s  of  different  sizes.  It  is  often  found  in  compariiiLj 
the  colour-intensit\-  of  colloidal  and  molecular  solutions  of  the 
^anie  substance  tiiat  the  colloidal  solution  is  mucli  more 
stroni;l\- cciloiued  tlian  the  corresponding^  mo'ecular  solution 
(of  the  same  concentration  ?;.  S\edber^  show  s  that.witii  de- 
cre,isiii[^f  si/e  of  particles  (i.e.  incre.asin;;  dispersion  tirade), 
from  a  certain  <\/\i  down  to  the  molecul.ir  si/e  the  colour- 
intensity  continually  decreases  ;  in  some  cases  he  lound  tiiat, 
with  di  creasinj;  size  of  particles,  the  colour-inteiisit)'  fmall)' 
appro, idles  \ery  rajiidly  that  of  the  conespoiidiiiij  molecular 
s)stein. 

In  Ills  r.ither  less  s.itisl.ictoi)'  spertrophotometrical  obser- 
\  itioiis  he  measured  the  al)sorption  ol'  the  princijial  mercury 
lines  due  to  columns  of  colloidal  ;md  molecular  sDliilioiis  respec- 
ti\el\  ,  I'Vom  measurements  on  six  substances — :.^i)ld,  selen- 
ium, iiidi.'ji.  aniline  blue,  in<loi)henol,  ,in(l  a/obiMi/ol— he  show  s 
ih.it,    .is   re;4,ir(ls   li^ht    absorjition,  tlieie   is   no  real    ditlerence 


OPTICAI.  I'Ri)l'F.in IF.S  OF  CiU.I.O/DAI.  S(U.rr/(>.VS     115 

between  colloidal  solutions  made  up  of  observable  discrete 
particles  and  the  correspondinfj  molecular  solutions. 

in  an  exhaustive  treatment  of  the  colours  of  various  colloidal 
solutions  in  relation  to  the  size  of  tlie  particles,  Wo.  Ostwald- 
enunciates  the  following  law:  "With  increasing  dispersion 
L,rrade  i.e.  decreasin;^  size  of  particles  1  the  absorption  band  of 
an_\'  colloidal  solution  moves  in  the  slujiter  wax'e-lenj^ths ". 
He  >hows  that  in  e\er)-  case  observe<l  the  absorption  of  a 
colloidal  solution  of  very  high  dispersion  grade  approximates 
to  the  absorption  of  the  corres[)onding  molecular  solutions. 

II.  Doithli-  Refraction  I ndiiit'ii  i)i  Colloids. — Double  refrac- 
tion may  be  induced  in  \-arious  solutions  in  the  follow  ing  wa)-s:  ^- 

i^i;   by  the  action  of  an  electrostatic  field  i  Kerr  phenomenon  \ 

(2)  by  mechanical  action,  such  as  stirring. 

(3)  by  the  action  of  a  magnetic  fieKl. 

The  first  method  has  been  the  object  of  much  re-<  .uch 
since  its  discovery  b)-  Kerr''"  (see  De  Metz"').  The  Kerr 
phenomenon  is  shown  by  true  molecular  solutions  and, 
therefore,  ma\-  be  taken  as  an  effect  produced  in  the 
molecules  tliemsel\es  an.d  not  on  molecular  comple.\es. 
Voigt  ascribes  the  effect  to  the  influence  of  the  electric  field 
on  the  freiiuency  of  the  electrons  in  the  li<]uids.  In  addition 
to  ihis,  according  to  I.eiser,  the  field  may  produce  orienta- 
tion and  deformation  of  the  molecule. 

The  production  of  double  refraction  by  inechmical  means 
IS  possible  only  with  liijuids  which  possess  a  certain  hetero- 
geneity, i.e.  \\\\\\  dispersoids  of  one  form  or  anotiier. 

In  the  ci^e  of  colloidal  solutions  of  tjie  ferromagnetic 
metaU  uniform  m.ignetic  fields  ])roduce  double  refraction. 
.Xcccirding  to  (."otton  and  Moutoti,'"  this  phenomenon  is  due  to 
an  orientation  of  the  particles  ami  increases  in  amount  ,1;  the 
si/e  of  the  p.uticles  increases  (see  Ha\-elock  "). 
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CHAPTER  VI. 

MKASl'KEMEXT  OF    THE  SIZES  OF  UI.TKAMICROSCOriC 

{'ARTICLES. 

Al.Tllnrr.ii  there  is  no  doubt  tliat  the  ultramicroscope  en- 
ables (ine  to  see  particles  much  below  the  former  microscopic 
limit,  still  there  is  no  very  rii,'ifi  method  by  which  one  can 
measure  exacth'  the  size  of  the  particles  involved.  However, 
there  are  several  methods  by  which  the  approximate  sizes 
may  be  determined. 

Particles  below  the  limit  of  \isibility  of  the  ordinary 
microsco])^  iia\e  been  called  b)-  Siedeiit(  pf  ultramicrons  ;  if 
the  ultrann'crons  are  visible  in  the  ultramicroscfipe,  tlie)-  are 
named  subinicrons  ;  if  not  \  isible  e\'en  in  tlie  ultramicroscope, 
amicrons.  Table  XVI  shows  the  limitinj^  sizes  of  tiie  particles 
classed  under  tlie  \arii_)iis  heads. 

T.Mii.i;  XVI.    i.cnvr.R  iimits  oi-  ni,\MKTi:us  of  sm.m.i, 

PARTICLEb.'' 


\'isiMc  ill  ordiii.iiy 
niicroscoiH'. 


^iHH  or  J-S  '-   lu    '  cm. 


I'ltraiiiicrostopic  ]'>:irtitlcs. 

I 


Sulnnii-rons. 

I 
l. Icttric  arc 
illuMiinatioii 

15   :<    lo    '  cm. 


Slroiit^tsl 
■.unliglit 

I  '(i/m  or 
I  "(I  X    ut    '  cm. 


Amicrons. 


All  lielmv  a 
diamiUr  ol 

I"')    ■    10    '  cm. 


It  lias  been  remarked  aireail)'  ([).  .;8,  that  im  direct  dctcr- 
nntiatiuii  of  ll';j  size  can  be-  made  i)\'  measuremen'.  uf  the  di.i- 
meliM  (if  the  jiarticles;  i.e.  llic  uitramicroscoi)e  betrays  merely 
tlie  presence  of  the  particles  with  practically  im  evidence  of 
the  (hincNisions  or  shape  of  the  indi\  idual  partii  les. '  One  is 
then   forced   to  ^'et  at  tlie  size   indirectl)'   by  determining,'   the 
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number  of  [)articlcs  in  a  gi\en  volume  atitjj  from  the  known 
total  amount  of  dispersed  material  in  a  given  volume  of  tlie 
sijlution,  to  determine  the  mass  and  size  of  each  particle. 

Two  methods  of  finding  the  number  of  particles  per  unit 
volume  of  solution  ha\e  been  used  by  Zsigmondx' * ; — 

(ij  the  measurement  of  the  average  distance  between 
neighbouring  particles  in  a  gi\en  sample  of  the  solution  ; 

(3)  a  direct  count  of  the  number  of  particles  in  a  deter- 
mined volume.  In  botli  of  these  methods  the  .--mall  sample 
viewed  under  the  microscope  must  be  \ery  dilute  ;  it  is  gener- 
al!)' necessary  to  tlilute  a  given  colloid  to  some  liundreds  of 
times  its  original  volume  in  order  either  to  get  the  particles 
far  enough  apart  for  reliable  measurement,  or  to  render  the 
number  of  particles  few  enough  to  be  convein'entl}'  counted. 

Method  (i) :  If  r  equals  the  mean  distance  in  cms.  between 
the  particles  and  if  we  consitler  them  to  be  small  spheres, 
then  (?,  the  radius  of  each  sphere,  is  given  by 


i 


)f  the 


where  A  ^  the  weight  of  tlie  jiarticles  in  unit  \ 
sample  of  the  liquid  \iewed,  and 

(/=thc  density  of  the  particles  in  the  sol. 
Of  course,  in  the  measurement  of  A  any  dilution  of  the 
original  solution  must  be  taken  into  account.  The  \a!ues  of 
;•  may  be  measi.ied  b)'  means  of  a  micrometer  e}e-i>iece  or 
by  viewing  in  the  solution  a  graduated  scale,  such  as  the  scale 
scratched  on  tiie  slide  of  a  iuumocytometer. 

Method  (2 !  :  Zsigmondy  fi.xed  the  volume  in  which  the 
number  of  particles  was  counted  by  means  of  an  eye-piece 
micrometer  and  the  slit  S  (see  Fig.  4,  p.  42)  whicii  bound.-- 
the  illuminating  [)encil.  "  \\\  means  of  tlie  e\'e-piece  micro- 
meter a  part  of  the  cone  of  rays  dd.  Fig.  13,  may  be  .sharply 
defined  bum  side  to  side,  whereb)'  the  length  and  breadth,  of 
the  Volume  chosen  may  be  known.  Tile  deptii  ol  the  illum- 
inated \ Illume  tiuis  defined  may  be  easil\'  determined  witii  the 
e)e-piect  micrometer  by  a  ijuarter  rotation  of  the  slit  S."  ' 

In    similar  observations   b}-   the   author,"'   tlie    volume  (jf 


T/[K  SIZES  OF  ULTRAMtCROSCOPIC  J'ART/CI.ES     no 

liquid  \ic\vefl  was  determined  by  the  use  of  a  Zeiss  hiL'iuocyto- 
ineter  slide  (Fig.  14;.  At  the  centre  of  a  circuhir  piece  of 
glass,  A,  an  area  of  l  sq.  mm.  is  divided  into  small  sijuares  of 
I  20  mm.  side  by  means  of  fine  lines  ruled  with  a  diamond 
point.     The  plate  B  surrounds  A  so  as  to  leave  an  annular 


■=^0^ 


Fin.  13. 


trough  about  the  central  disk.  The  upper  surfj^ce  of  \\  is 
exactly  O'  i  mm.  above  that  of  A,  .,0  that  when  the  cover 
glass  C  is  placed  on  B  a  laj'er  01  mm.  thick  exists  between 
A  and  C;  The  surfaces  of  A,  B,  and  C  are,  of  course,  grouiul 
perfectly  plane.     When  a  drop  of  a  sol  is  placed  on  A  and 


A    B 


Imi,.  1 1- 

covered  with  C",  a  volume  of  000025  cu.  mm.  can  be  dis- 
cerned through  the  microscope.  By  raising  or  lowering  the 
objective  ver)'  slightl)',  it  is  [)(;ssible  to  bring  all  the  p.irticles 
in  a  las'er  01  mm.  thick  into  view,  and  so  for  sufficiently 
ililute  solutions  tlie  luimljcr  01  jiarticles  per  cu.  mm.  can  l)e 
\er)'  approximatel)'  determined.      The   following  is  a   sample 
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of  ^ui'h  a  (ict'TiniiiatiDii,  ty])ical  as  icL^ard.s  tin;  incthod  and  tlie 
iiia_L;iiitiu!i-  ot  the  (|uantities  iii\-(il\i;d  :— 

A  sjKcr  solution  falter  Htt-diL;.  coiitainiiiL;'  TiS  inj^ins.  of 
metal  per  ioo  ccs.  was  diluted  with  distilled  water  to  one 
luuidred  times  its  ori_i;inal  \olunie.  A  drop  of  the  dilute  liipu'd 
siiowed  on  the  a\eraL;e-  the  presence-  of  ^o<.)  particles  pt  r 
volume  o  I  cu.  mm.  'I'herefoi-e  in  the  orii^inal  solution  per 
ic,  there  were  3  >:  10''   |)articles  \\eis4hin^  <VS  >.  10    "  L;rm. 

if  the  s|)ecific  tpavity  of  the   silver  [iarticle>   be  taken  as 
10  5,  the  mean   xnlume  of  the  particles   in    solution   is    3-2  x 
ro    "  cc.       Assunu'ni;    that    tiie  jjarticles    are   in   the   form   of 
small  spheres,  tlic  mean  radius  bcinj;  <?, 
.',7r(j''=  22  X  10  '■', 
.•.  rt  =  I  7  X  lO"''. 
There  are  elements  of  uncertaint)'   in    both  of  the  abo\c 
methods.      L'nder    tlie    best    circumstances    the    ohserxations 
reijuire  considerab'"   time  (huim;  all  of  which   the   Hrouiiian 
movement    will   caux-   particles   to    nio\e   into  and,   out  of  the 
field  of  view;    such   a   difticulty   can    be  o'crcume   onl\    bv   a 
larj^'i'    number  of   observation^    on    eai  li    Namjile.      It    is    not 
known   definitely  whether  or  not    mcrelv  dilutint,'   tin-  samjile 
m.iy  cau■^l•  a  ch  ui!;e  in  the  si/e  of  the  parlicles.       I'he  orduiar 
methtid    of  tindiii;.;    the   total  nnt    of  di-perse    ■ubslance 

])ci  unit  '.nlunie  i.  by  e\api  lUi;;  the  solution  and  v\eii;hin^ 
the  re.idue  ;  in  tin--,  one  a--snmes  that  tin.'  substance  is  all 
t'onluird  til  the  ^ubmii  ions,  while  in  re,dit\'  tluie  ,ue  pri'b.dib' 
alw.iv  s  I  ire, CI  It  ,inn(  n  .n  ,  ;iiii|  -.MUie  ,  if  the  iiMtri  i,il  in  the  ta'e 
■  p|  ni'ilecular  ^nluti.in.  \  lU' ii  e  (■\,icl  detei  miii.it  ion  iiivcKe, 
the  '.I'p.ii  at  ion  I  tile  dis|)ei  se  phase  In  nieaii.nl  ,1  collodion 
tiller  iiiid  analyst.  o|  the  dry  residue  and  lillr.ite  sep,uMle|y, 
An  aildilional  source  of  dill'iculty  i  m  tin-  c  iinu  ,■  1  p|  tiie  deiisitv 
of  ''  maleiial  suspended.  iv\perimenls  such  as  tliosi-  of 
Nose'  and  C'liolodny  ■"  on  I'.old  and  siKci  culli.ids  slio\v  that 
ibiH-  Is  nil'  much  iiK'i  in  l.dsin;;  the  den. il\  ir|u,d  t"  that  of 
the  solid  I"!  the  metal  sols;  fm  ml)  sohilions  as  mastic  in 
water,  tlie  clensity  rerkonccl  hMiu  ihe  drii d  residue  \\i lu'd  lie 
onl)'  an  approximatii  in 

M.il,.  ..1    .  .        11   <i ..;,.i. 
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ri{l'.   SI/.ES  OF  VI.rRA.MlCRi)SCOPIC  r ARTICLES     ui 

limit  uf  the  urdinary  luiciDscopic  ^i/c  (  i-;  x  lo  '  cm.  in  <iia- 
ineter)  the  methods  ^M\eii  b\-  renin  "  p  8JI  may  soiii  Jmcs 
he  used  tn  ad\-aiitaL;e-,  or  the  si/.e  ma_\'  i)e  determined  in 
aeeordance  uitli  Stokes'  law  '\\'  tlie  rate  of  settling'  i,f  tile 
[)articles  in  the  li(|uid.  Tiie  latter  L;i\es  tlie  velocit)'  uf  fall, 
,-■,  nfa  jj.irticle  cf  radius,,-  throu^ii  a  liquid  of  vj.scosit)'  '/  tmm 
the  formul.i 


V 
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I'',  the  foite  acting  on  tin-  p.irtiele,  is  in  thi^  i.im'  th.it  due  to 
gravity, 

!•'  -  V'Vp  -  /3lV'. 
ulieie    \)    aiKJ    p^    ,iie    the    densities    of  tlie   pjirtieles    ,uid    the 
>  liijuid  mediiuu  respeetively.      I'rom  tiuse  ecju.ition^  we  li,i\e' 

Tin- otlirr  mt'thnds '"  su^'^ested  for  tire  ■  .cterminatiou  nf 
till-  i.idii  of  tin-  p,irtieles  are  rea!l\  ot  onl\-  thenretieal  im- 
portance. The  ladii  m.iy  he  deduced  Iroui  \,uioui  loiuiui.e, 
such  asth.it  for  the  Hrowiii.iii  moveim'it,  which  weie  dtvrl,  ipul 
for  the  m.itliematical  expression  of  s-am-  ph\ --ical  i>ro|)ert_\'  uf 
the  colldid  ami  w'.iich  invoKi'  the  radii  only  iiui<leiit.il!y. 

In  one  set  of  lormul.e  of  this  tyjie  we  m.iv  class  to;^elher 
those  which  rest  fun-' imentall)  on  ,ni  .i]iplic,ition  of  .Stoke-.' 
law  to  the  e(iuih't)rium  state  set  up  in  the  c.jllMid.ii  s.ilutiou, 
viz:  (l)  the-  fornuila  (or  the  Hidwni.in  muMuiinl  p.  73)i  (-) 
tli.it  e\pres.siii|4  I'errin's  l.iw  nt  the  disU  iliutmii  III  111!  p.irlicles 
.il  different  height  .  in  the  liijuid  (p.  Si  ,,  and  (  ,  iheespK  ion 
lor  the  I'llfusion  1 1  lefticient  of  the  partick's  The  l.iitei  is  a 
irsiilt  ol  tlu-  work  1. 1  .siilhii  l.iiid,"  l"'instein,'' Sm"lii.  h'lwski,'-' 
t 'iiniiiiudi.im.' '  ,iiid  Millikan'',  the  dilfusimi  luiist.nit,  h,  is 
l;i\  en   liy   thr  r\pie  .si,  III 

/ 

I'l      '    '    ^ 
~      l\  I  I 

o    ■    ..     . 

win  I,-  /  is  the  mcin  p.illi  of  tin-  moleciiK'S  of  the  soKnit,  and 
,\  Is  ,1  const, mt  ot  \,ilue  ,ippro.\imately  o'8l5.  As  t,ir  a.s 
the  measuftTritiii  J.  tiie  ra diiin  of  the  particle  Is  eoneenictl,  all 
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tlic>c   nictliods    iiivnlvL-   work    out    of  all    pnipru-tidii   ti)  tlicir 
exactness  and  apijlicahiliiw 

Otiicr  sii.^rj^restcd  toriniil.i-  h,u..-  to  dn  with  tlio  optical  pro- 
pertn>  enumerated  in  a  pr.  ious  chapter  ;  Hu  example,  (l) 
the  ahsiirptidu  of  li;;ht  by  a  -iven  solution,  and  (j)  Kay'  iijh's 
law  ol  the  scattering  of  li-ht  In-  an  atniosplieie  of  fine  p,  iclcs 
P-  "'I  '■  1  hese  ]ilu'niiuieii,i  inxdlw  luea^ureinents  which  are 
I'lu  iiiddhiite  tM  l)c  .-ipiilied  to  the  deterniinatiim  of  the  radii  of 
the  pailicle--. 

As  noted  in  J'.ihle  WI,  the  nialle^t  p;lrticle^  visible  in 
till  u!tr,iinicr(isc(ipe  ha\  e  a  diameter  of  about  1  x  lO'cm.  ; 
the  most  e.\haU'.ti\e  \\..rk  on  this  point  is  t'\at  of  ZsiL;mond>- 
and  Siedentopf  in  iletermiiu'iii'  the  sizes  of  the  jiarticles  in  their 
\arious  ...old  Milutioii..  Thee  foun<l  that  even  after  the>-  had 
depriw-l  their  s.)lutioi)s  of.ilj  tlu  ir  uitr,uiiicroscopicall_v  visible 
particles,  tlic  solutions  had  still  i  faint  opalescence  .and  L;avc 
chemical  reactions  unic|ue  to  the  substance  in  solution.  'Ihese 
facts  ponit  to  the  presence  of  .imicrons  and  jtossibK-  molecules 
ot  i;..ld  in  the  solutions  On  the  other  haml,  the  kineti(  thcorj' 
^ivcs  the  following;  \alnes  lo,  (he  si/es  of  the  molecules 
named  :  — 

hydroL^cn       o-i    •<   lo     cm., 
ni'thi.  I  aliohol        (r5    x    lO^^cin., 
1  hlorot.  .rm       1)8   x    10^  ■'  cin. 
In  u'eu  ol  the  .,nall   -ap  wliich  exists  between  the  lir;.,est 
molo-ule  .iiid   the  smallest  visiblr  subnn<  ron.  it    is   intcivstint; 
'"  "''''ll  '•'>■  determin.itions  o|    tin    nioKiular  ucij-lits  of  s,,|,u- 
typical  colloids    by    the    methods    ,.|    the    depression    o|    the 
free/ill^,'  [x.int  and  the  m.  asmement  of  the  diffusion  (iMiluicnt. 
As    is    well    known,    it    J       the    e\ pei  im,T,tall\-    ileteiminnl 
depression  of  the  freezin-  pomt  uhi.h  ii....;im,  ol   the  s,,bent 
siiflTors  throii.i;h  tlu-  addition  of/"  ;;i,ims  ol  the  subst.nue,  A 
inoleciil.ir  di'|.resMoii  ofthesohent,  ,md  ,1/        molei  iilai  wii-ht 
of  siii)stan<  e  to  be  determined, 

•J    r 

K       \l 

M      /'^ 
J  ' 


Tin-:  SIZES  or  vi.tr Aytich-oscoric  particles   ir? 

Tlii.se    (Icterminations   L;ive  tlic   r'>,,o\viiiL,^    result:,   for  tlic 
substances  indicated  : — 


Maltii-dcxtrino 
*iuin 

I  )l_\'CCILJcn 

i'erric  liydratc  . 
Tungstic  acid  . 
Kgg  albumen    . 

Starcli 

Albuniose 

lannin 


9<^5 

iSoo 
1625 

6000 

1750 

14,000 

25,000 

2400 

2^)4V37oo 

1  he  dilfusidii  luethud  re-.ts  on  a  delernn'nalidn  of  tile  rate 
at  wliicli  the  colloid  diffuses  into  pure  water.  If  we  have  a 
solution  in  a  trou-h  with  parallel  sides  and  r  s(i.  <  in.  cross- 
section  ami  the  solution  at  one  plane  perpendicular  to  the 
column  of  lii]ui(n\  //  I  .<  normal  and  that  at  a  second  i)lane, 
I  cm.  trom  the  former  and  p.n'allel  to  it,  is  ;/  J  normal,  then 
tin;  difference  in  osmotic  pressure  at  tin;  two  j.I.uies  is  equal  to 
the  osuiotic  jiressuri'  of  a  normal  solution, 

\\\  iH'i-  sij.  cm.  at  0    C. 
I'his   piessure   tends   to  (lri\e  the  dissolved   molecules   in   the 
dn-i-(  lion  ot   the  lov.er  coicentratioii,  and  acts  on  all   dissolved 
inolc,  uK>  between    the  tw<;  i)lanes  perpendicular  to  tlie  li,|ui<l, 

'•L'-    "II  i;rm.-moleiules.      I  f  the  fou  e  necessarj- to  (hi\c  1 

};rm. -molecule  of  the  di  .ojved  subst.ince  with  ,1  \<l,„it)'  of 
I  cm.  per  sec.  is  I'  ki,  .M,im,  this  fi,iie  is  kuoun  as  tin- 
coelliiient  of  diction  of  the  sub,|,iiu  e      the  \eloiil\-  ,"  ispixcn 

K   I     .    I  I  'I  M 

f-  ,  ,,        ( uis.  p,  1  sec. 

The  (piaiititsof  dissoUeii  subst,in<i>  passing  the  pl.uie  of 
lower  loimntiation  in  i  .rc.  is  f,,und  bom  the  number  ot  mole- 
cules liiii;;  bitvverii  th.il  pi, me  .unl  .1  p.ii.diei  plane  ,  cms. 
(listaul 

1  he  unmbei  of  u)illi;,;r,(m-mole(  ules  111  the  \olmiic  t' CCH. 
is  ;•  ■<  .V       K. 
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K  is  calliMl  the  (liCfiiM'dii  coefficient. 

1  he  Iriitioii  coefficients  of  substances  oi    noii-cc-ndiictin^' 
-'■lutii.n'- aif  toui!  'm  the  diffiision   coefficient.      According' 

to  ii  call  Illation  I:  .e  lf_\-  Ku!er  the  friction  of  a  L;rani-mole- 
cule  is  approximately  |)roportional  tn  tlie  scpiare  n.nt  of  the 
molecular  \veii,rht  of  the  dis.scjheri  Mihstance.  if  ucaiijilN-  this 
method  to  calculate  the  molecular  \vei;j,lit  nl  tlie  Uaw  ((.11. .ids 
examined  hy  (Jraham,  ue  have: 

1730 
2730 
7420 

("araiuil  •  .  .  .  1  ^,200 

'llic-.(;  dctcrmiii.iticn-^  uih-y  stroii;^-  evidence  (il  the  continu- 
ous t;rad.iti(  .11  in  the  sizes  of  the  particle^  of  the  di-^per-r  ph.,  ,,■ 
of  various  soIiiImhis,  fr,,ni  the  si/.e  of  ordinary  luolec  ule.  to  lli.it 
of  the  particles  ol  coai^e  ■^uspensi(lns. 


y  luni  iirabic 
I'annic  acid 
I'-L,';;  albumen 


l'.li;l.I()i,KAni\ 

'  Zsijiinomly  :   "Zur   HrkciiiUnis  dci     Koh.M.ic,      Cli.ii..    \' ;     I  i.ni'-l.ilinii 

{Alcx.-inden,  (in  p.  \\. 
''  '/.s\,:u\u\v\\  ■    ■■  IvrUciinliii-.,"  ('li.i|i.  \l  ;   .\|c\.in,|cr.  (  l,,i|i    \  II. 
■'  Sip(lfnt(.|it  .   "jour.  Koy.  Mic.  Soc."  i</i;,  p    ;  -  ; 
'  Zbifiiiioiuly     '■  Krkciuitnis,"  Chap.  \l,  3  ;  Ak-saiidii,  (.  Ii;ip.  \I1,   ;. 
■'*  ZsiK'niondy,  .Mcv.nidci,  p.  1  \i), 
*  Hurton  :   "  I'lnl    M.i,,       (<  .  w.  n,..'..  p    j.-;, 
■'   Ko!>e:    Tl,/,     W  dh.    (  K|«, dd,    ••!.,. I, I     ,|.   ,,!i  ,     (  |,        .    ,\^„]      ,_    |,^^_ 

'   li'ilcdii)      ••Kull.  /.en:    2,   l.y,  Kef.  and   viu,   l.yu/. 

"  I'errin:  "  lUill.  Soc.  Fr.  I'hys."  3,  i</3(;,  p.  155. 
'"  Henri,   V.:  "Tranv    I  ..r.iday  Soc."  .;,    1    .md   .\    \',i  ',.  ]<.   u  ;   "  Kotl. 

/cit."  Ii,  l(;i,i,  pp.  .•4f,-;5o. 
"  Siiiherlaml:  "  I'hil.  Mok."  (6),  9.  1905,  p.  781. 
"'  Kinslein  ;  "Ann.  tier  I'hys."  ii>,  lyoT.,  p.  2»i,. 
"  Sniolii(h«m-,ki  :  "Ann.  (I«>r  I'hys."  tl,  n;of.,  p.  75(1 ,    ■  t,,,ll    |„i     \,  .„|, 

Ciat,"  k/jO,  |).  .;i  I 
"  t'lmiiinKham  :  "  rrot.  Koy.  .Sc, .  |.,,„.    hj  a,  i(;io,  p.  557. 
"  Milhknn:  "  I-hy*.  /eil."   11,    lyio,  |)|).    1097-1109;  "Stieiitc,"  N.S. 
12,  l(i!0.  pp.  436  448. 


CHAl'll'R   VII. 

MOTION^  Ol-    l'.\RTICl.i;s   IN    AN    IJ  1  CTKIC    111  ID. 

I.  (  (ith)nif  (i>i</  iniioiiic  solutions.  —  TIic  iiivcsli^atimi  cjf  tin's 
propLTty  of  tln'  so-called  colloidal  solutions  dates  tVoin  tiic 
work  of  I.iiidci-  and  I'icton.'  I'rior  to  tii.it,  cxpcriiiu  ..ts  on  the 
motion  of  the  i)articles  of  ordinary  suspensions  under  an  elec- 
tiir  field  had  been  carried  out  hy  '.ariou^  woikers,  md  lirieflv 
the  results  obtained  were  as  follows-  :- 

In  su-,penii<in  in  water,  the  particles  i,f  starch,  pl.itiiniin 
bl.u'k,  luiely  divided  :^old,  copper,  iron,  SM.iphite,  (juart/,  feld- 
spar, amber,  sulphur,  shellac,  silk,  cotton  l\co|)o(,ium,  paper, 
l)orcelaiii,  e.irth,  and  asliesto^,  mo\-e  towards  the  positive  [lole. 

When  the  above  materials  are  suspended  in  a  similar  man- 
ner in  turpentine  oil,  the\'  all  move  towards  the  nci;ative  pole, 
with  the  sole  exception  of  sulphur,  which  mo\es  in  the  same 
direction  in  turpentine  as  in  water. 

I''ine  i;,is  bubbles  ol  hydroj^en,  oxygen,  air,  eth\  lene,  carbon 
(iioxide,  and  small  liijuid  ;4lobules  of  turpentine  ,nid  laibon 
bisulphide,  when  in  water,  all  mine  toward  the  positive  jiole.  " 

linpentine '.Jobules  and  small  ^^as  bubbles  in  eth\l  alcolu.l 
mo\  e  to  the  |iositi\  (■  pole. 

CJuart/  paiticles  ami  ,iir  bubbles  in  carbon  bisuliihide  mo\e 
to  the  ne^;ati\e  pole. 

1  Iiese  results  led  Wii'dem.mn  to  m.ike  the  ,t,ilenient  that 
"in  watei  all  bodies  appe.u,  thiuU;^;h  contai  t,  to  birome  ne^^a- 
tively  char^^eil,  while.  lhrou;;h  rubbiii^j  a^jainst  dilfeieni  bodi.s, 
the  wafer  bi-eomrs  positiveh'  'handed  ". 

When  Kinder  and  I'icton  tested  sinnl.ti  pi.iprities  of  il,,- 
particles   in    ilunnia!I\     |ire|).ired    snhilions,    the\    lounil    that 

such    a   I'eneiali/a! !: -'M     \'.:is    iiv.'v:::*  !!'.;•■.-    ;::-.■.;    il-.i    t..!! 

ini;    lesulln  : — 


!-">   /'j/]s/CAJ.  /'A'(I/'j-:a' /■//■:<  <  i- colikidm,  soi.v no.xs. 


SiispLMisioiis  of  aniline  blue,  arsenic  Milpliiiu',  in.ii-o, 
i')'liiic,  shellac,  silicic  acid,  starch  and  sulphur  in  water,  and  of 
brnniine  in  alcohol,  sh.jw  .attraction  to  the  [)usitivc  electrode. 

Ihe  followiiiL;-  materials  suspended  in  u.iter  nio\e  in  the 
oi>I'"-^itc'  direction:  l-erric  h\,lrate,  h  emo-lobin,  lioftinan's 
violet,  .M,i_-dala  red,  methyl  violet  and  rosaniline  hydro- 
c  hloride. 

As  ;i  conclusion  to  their  work  I.inder  and  i'iaon  mal.'  the 
.si!4nitu-ant  statement  that  experiment  seems  to  show  that,  it  the 
solution  is  basic  or  ten.js  to  break  up  so  as  to  leave  a  tree  ba>e 
active,  the  motion  is  to  the  ne<T;ative  pole,  i  e.  the  particle  is 
positively  har.^'cd  ;  if  the  solution  is  acidic,  motion  is  to  tlie 
positive  pole,  and  coiisequentl)-  the  particles  are  ne-;itively 
charged. 

'i'akini;  into  consideiation  the  r.-rent  results  of  man)- 
workers,  we  ma\-  divide  colloi.lal  ^oluti(;ns  ,-md  suspensions 
uito  two  classes,  anionic  and  catioiu'c,  accordin-  as  the  i);ir- 
ticles  in  solution  move  to  the  anode,  i.e.  are  ne^Mtivcly 
ch,ii-ed,  or  to  the  cathode,  i.e.  .are  positively  cliargcd  (p.  22). 

Solutions  in  w.ater  : — 


A)ii,')iic. 

I.  The  sulphides  of  arsem'c, 
antimony,  and  cadi.iiiuu. 

-'.  Solutions  of  platinum,  sil- 
ver,  ;,'old,    ,ind    nu'uury. 

,v    \'an, idinni    pento\idc, 

4.  Stannic     ,n  id     ,uul     silicic 

acid. 

5.  .Xnilin-  blue,  indijM),  nuil\  b- 

dcna    blue,   soluble    I'riis- 
si.m  blue,  eosin,  bichsin. 
'■'.    loih'ne,    sul|)hui,    selenium, 
shellac,  resjii. 

7.  Starch,     mastic,     caramel, 

Iccitliin,    chloroform. 

8.  Silver  halides. 

y.    Various  oil  enuiKi.ins. 


( \iti,'nii. 

1 .  I'he  h\  drates  of  iron   chro- 

nuum,  .aluminium,  mp- 
per,  /iiciiiiium,  cerium, 
.and  thoriunr 

2.  Hredi;.;      solutions      (,|      l,is. 

nuith,  le.id,   M( HI,    (  opper. 

,v  Ibilm.inn  \iolil,  .\iai_;- 
"lala  red,  uuth\l  violet, 
ros.aniline  livduu  hloride, 
Hism.irck   brow  n,  nuthy- 

ieiu'  bliii'. 
■  |.    .XlbuuU'll.  h.rino    ■    ' 


nil, 


,i!.;,ir. 
r.i  ,,,,..  ...  ;,i 
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llie    cliari^cs    on    particle,    of    starch,    -clatinc,   a-ar,   and 
silicic  acid  arc  very  small  and  difhcult  t'l  i.l)scr\c, 

HrediLC  solutions-'  of  lead,  tin,  and  zinc  in  ctli_\l  alcohol 
arc  all  catiunic,  nliilc  hroininc  in  the  s.une  sohcnt  is  anionic. 
.Meth>l  alcoJK.l  l;;vcs  Jiredi--  solutions  with  lead,  hisiiuitii,  inui, 
copper,  tin,  antl  zinc  which  are  cationic.  The  writer  has  a 
I)rcparc(!  anionic  solutions  of  platinum,  silver,  and  -(.Id 
cth>l  malonate  1)\-  Bredi^'s  method. 

Accordin,'^-  to  ■I'hovntoii  '  (liat<iins,  uin'cellular  alL;;L',  ;uid 
vctretablc  micro  origan' .ms  in  -ciicral  aic  positi\e!\-  chari^'cd 
(catiom'c  s(jlutions  and  amobe  and  animal  im'cro-or-anisms  in 
general  are  ne.i;atively  char-ed  (ain'onic  soiuti.,n>i  sec  als.> 
Sciincckenhcr;^ "). 

Some  or^Muic  colloids,  such  as  -lohulin,  and  some  m- 
ori^anic,  such  as  silicic  acid,  ;ne  anionic  in  alkaline  solution 
and  cationic  in  aiid,  solution. 

J.  'I'ltiory  of  iataf^Iioi-i\us.--'\W'  studv  of  the  electrical 
motion  of  particles  in  suspension  follows  ilu-  woiis  of  Kcuss, 
barada>,  Wiedemann,  ami  (Juincke  on  the  plun.  uiuiion  of 
electrical  osmo-is.  When  the  anode  and  cathode'  cmpart- 
ments  of  a  c,inducti\ity  tube  are  sep.nated  by  a  diaphia-m  of 
porous  eailheiiware,  the  electrolyte  will  pa^s  tiirou-h  thi-,  w.ill 
towards  the  cathode  initil  .in  ei|uilibrium  pressure  i>  at- 
tained. .Simil.ir  effects  were  funid  by  (  luincke  '  by  usini; 
capill.uy  tubes  in.tea.l  of  the  earthenware  diaphr.i-ni  Jlu: 
bil'ii'l  »as  ^.irieil  au<l  the  inHuence  of  the  surface  ot  the  capil- 
lary w.is  t',>tcd  by  liniu;;  the  -dass  tube  \Mth  other  -.ub-.tancrs, 
e.^'.  suli)lHn-;  oil  ,,t  turpentine  tk.ued  lou  .ml  the  anode  t  hroii.;}) 
a  |;lass  tube,  but  toward  th,'  lathode  uh.^n  the  -la--,  e.ipill.ny 
^  a-  lined  witil  sulphur.  J  he  niterst  ices  bet  ween  the  p.ii  iicli's, 
suspendeil  in  a  li(|uid  and  m'I  in  motion  b\-  ,in  electric  field, 
may  be  looked  upon  .i-,.  in  ellin!,  a  s,  rie-,  o|  mo\,ible  capillary 
walN;  that  is,  the  ILpiid  is  ^t.itionai)-  while  the  wall-,  them'- 
selves    iiie  particiesj  mo\e  in  the  tieid, 

I'he  theoiy  of  this  motion  ot   tin.ly  .ll\idcd   p.ull.  Irs   ni  sus 

p<'us:,in  in  li.|uids  w.is  l,,nL;  since   propouuoed    In    llelmiiolt/ 
and     later    .unpiitled    j,y    [..mill.        Without    .issiimin-,,    |oi    the 
moment,  auythin^^  w  ilh  rei^.ird  to  tlu-  i,,,,.,-  ,,f  tiu'  (oim.ition  of 
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the  colloidal  solutions,  wc  may  a[)i)l)-tlie  same  thenictical  nin- 
sidcivitions  to  the;  mo\cmciits  of  tiiese  particles. 

1  Ih-  riiiKlamLiital  assumption  is  that  \\hen  a  ]>article  sus- 
pendoi  in  a  lii|nid  heoimes  chafLjcd,  there  exists  aliout  it  a 
double  eli/ctiic  layer;  \\hen  the  particle  is  ne;4ati\el\-  char,L;ed, 
there  is  a  layer  dI'  nc;_;ali\e  electricity  on  the  surface  i.f  tile 
siilid  paitiile,  while  in  the  iii|ui  '  ii.Hne<liatel\-  ^ur:(  undine;  it 
there  is  a  corrcspundiriL;  layer  if  jiositi\e  electricitw  "On 
the  whole  the  al^^ehraic  sum  of  tlie  two  equals  zero,  and  the 
centre  of  i;ravity  of  the  complete  sestem,  solid  particle  and 
surrMundiiii;  po-,itively  chari^ed  fliu'd  laeer  taken  toi^ether,  can- 
not he  mined  1)>-  the  electric  forces  which  ari-,e  from  the 
potential  fill  in  the  liijuid  throUi^h  which  the  current  passes. 
However,  the  electric  force  will  tend  to  brinj,^  about  a  disj)lace- 
n\t'iit,  lelatively  tn  cacli  other,  of  tile  positively  charged  thiid 
la>-er  and  the  ne^'atively  ch.arijed  particle,  whereby  the  lluid 
lavt'r  )ii11mw-~  the  flow  of  jjositive  electricity  while  the  |).nlii  le 
moves  in  the  opposite  directinn.  If  the  liijuid  were  a  perfect 
in-^ulatiir  the  new  ])()-^itioi)  wcaild  still  be  a  condition  of  e(inili- 
brium.  .Since,  however,  through  the  displacement  of  the  la\ers 
the  equilibrium  of  the  L;alvanic  tension  between  tiie  solid 
particle  ,ind  the  liquid  is  disturbed,  and  on  account  nf  the 
conductivit)-  of  the  \u[nu\  ahwiys  seeks  to  restore  itself,  the 
original  state  of  elei  tricil  distribution  will  tend  to  be  con- 
timially  rcpr.Miuced  and  so  new  displacements  of  the  particle 
\Mth  lespecl  to  the  snrroundini;  liiiuid  will  continually  <h  cur." '' 

I  iiis  theiuy  was  put  forw.ird  by  Helmholt/  in  thetourse 
ot  his  matiiem.atical  de\ek>pment  of  the  explanation  (sui;^este<l 
b_\-  (Juincke)  of  the  electrical  transport  of  conducting  liquids 
through  the  u.ilK  of  porous  vessels  or  alon;;  capillary  tubes  ; 
(Juincke  assumeil  that  there  existed  .a  contait  diflerence  of 
potential  between  the  lluid  and  itssolid  boundaries.  Ihiou-h- 
out  his  treatment  of  the  iihenomenon,  Helmholt/  considers  th.it 
iheie  is  no  sii])pinn  oi  the  fluid  o\  er  the  surface  of  tile  .solids 
uith  will,  h  it  Is  ni  contrcl.  On  this  |.i,int  I  .amb  disagrees  witii 
Helmholt/,  h.ildin^.;  th.,t  the  sulid  offers  a  very  j;roat,  but  not 
■"I  liHiiiri.,  nsisi,iiue  to  the  siidiiiL;  of  tiie  rluiii  over  it,  and 
that,  wlule  the  effect  oi  lliis  slipping  woiilii  !)<•  entirely  insensible 
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in  sucli  cxpcriiiu-iits  :i,  X.\\n>^■  of  rni^eiiille,  it  leads  to  ap- 
[>reciab!e  results  in  tin;  pre-^ciit  case  in  consaiiicncc  of  the  re- 
latively eiiornioiH  electrical  lorces  actini;-  on  tlie  siijierficial 
hini  of  the  li(ini(l  ami  (IrairMln^r  the  tluid,  a>  it  were,  In-  tlie  skin 
tliroiii;!!  the  tnhe  Tlie  practical  difference  between  the  view,-, 
taken  by  Helniholt/  and  l.ainb  res|iectivel\-  may  be  sh.own  in 
a  simple  case.  I'sin:^  the  innnerical  results  found  b\-  Wiede- 
mann, llclmholt/  infers  that  for  a  certain  s(.lution  of  copper 
sul[)hate  in  C'piil.ict  with  tlie  matt'rial  of  a  porc.s  cljiy  \essel, 
the  coiit.ict  difference  of  p  )tential  V.  between  the  solution  and 
the  solid  wall  i>  niven  1)\- 

V. 

n    '■" 

where  1  )  i-  till- electromotive  l<irce  of  ,i  D.micH'-,  (  e-ll.  The 
\aii,itioii  iiitroiluc(  il  by  I. anil)  would  cli.uv.;e  thi^  e(pi,ition  into 

l'-.      / 

!)■,/'■■'  •••■«) 
where  </  -the  distance  l)elwei-n  the  plate.  m|  .m  air  ton- 
denser  eijni\-,d(nt  to  that  \iitually  foinied  In-  the  opposed 
surfaces  ot  -olid  and  li(piid,  .-md  /  is  .-i  linear  ma.^nitude, 
measuring  the  "  facility  of  dippin;.;  "  and  e.pial  to  ,;  ,:^,  ,;  beiuL; 
coefllcient  of  viscosity  of  liie  li(iuid  and  ti  the  coefficient  of 
slidin;^  friction  of  the  fluid  in  cont.ict  with  the  w. ill  of  the  tube. 
I, ami)  ;.;i\es  rt'jisons  for  supposint;  tiiat  /and  ^/ are  of  the  s.ime 
order  of  ina-nitude  tint  of  lo  '  cm.  .  ()f  course  if/  »/, 
liclmholt/'s  fornnila    remains   unchani;ed,  ,uid  it  is  very  prob- 

abk-  that  the  i.ilio   ',  clitfers  \-er\-  little  hiiui  unitv. 
f/ 

'•ami)   deduci-,   tin-    |o|  low  in-    evpiession    for   tin-   \elinit\- 

(t'j   ol    a    cii,ir:;rd    p,u-ti(  K-   thioii^h    .-i    lnjuid    inider   an    electric 

force,  when  the  motion  h,is  bei  ome  ste,id\- :  — 

I 


.\('       -iTT''      .?;.,■ 


(: 


\vheic  X      ::r.idlent  of  electric  potential  in  the  liquid, 
C  =  cliar^e  on  the  particle, 
It  -^  rath'us  of  the  particle, 
ani  I  I]  .111(1  /  .-IS  .ii)ovij. 

We    m,i>-   look    iip,,n    thcp.iitule    uith    tii.     dMi,b!r  ek  ctiic 
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layer  a-  ;.  small  coiuieiiser  of  two  concentric  spheres  wiiose  dis- 
tance nfiart  {>/,  the  same  as  before)   is  small  com[)ared   with  ,/, 
The  capacitN- of  such  a  condenser  would  then  be  yiven   by 


•  •  .  ■      (3) 

where  K  ^specific  inductive  capacitv  of  the  litpiid. 

If  \'  indicates  the  contact  difference   of  potential    between 
the  solid  and  the  hquid,  we  have  (since  O  -  CV), 


f  =  V  ■    K 


(4) 


Substitutin,L,Mhis  \alue  of  (■   in   e(iuation   (-,   and   transposin^- 
we  Liet 


,r        /  4"^        V'' 


•    (s) 


all  electrical  measurements  bein^^  made  in  electrostatic  uiu'ts. 
This  eciuation,  which  is  similar   t(j   one      iven    by   Perrin,'" 

will  enable  us  to  fuid  values  of  /'.      f,,,-  any  s(.)lid  and   liijuid, 

if  for  known  values  of  X,  we  can   observe  the  corresponding 
\ahies  of  :'. 

We  ma>-  deikice  immech'ately  from  this  formula  that  the 
mobility  of  a  particle  of  given  constitution,  in  a  given  liciuid 
medium,  is  inde|)eiKient  of  the  radius,  and  that  the  product  jjv 
for  a  gi\en  solution  must  be  constant. 

3.  Mfthoii  oj  iih-axKi-iui:;  tlic  i\-l,<i-itirs  of  /'.irtir/ts  (in  cms. 
per  sec.  for  field  of  potential  gradient  e(iual  to  one  \(.lt  jier 
cm.).— Two  methods  have  been  used  for  measuiing  the 
velocity  of  colloidal  i)articles:  (i;  the  U-tube  method  ^\\k- 
lo  Nernst,  Wlietham,  an<l  Ilanly,"  and  j>  the  ullramicroscopic 
ol)servatioii  of  tlie  velocity  -A  single  particles  in  an  electric 
ticld. 

rrobabl\-  the  first  is  the  more  reliable  method  of  tiie  two. 
1  he  hmbs  of  the  U-lube  used  by  the  writer  '■'  were  each  about 
I-'  cms.  Ion.;  ,iiid  about  i  5  cms.  in  diameter  I'ig.  15  ;  tliey 
were  graduatc.l  in  mms.  througliout  their  lengtli.  Into  the 
h"ttoin  ,,f  the  U  tube  i-,  sealed  a  fine  drliv.iv  tube  orovided 
'^"''  ■'  t'M'il     '"I'l  •'  tunnel    !•■   ;   tin-  tube   is    bent    roun<l    so 
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as  to  run  up  behinri  the  limbs  and  to  brint,^  the  funnel  to  the 
same  Iiei^rht  as  the  top  of  the  U-tube. 

I  he  colloidal   solution    to   be    tried    is    poured    into    the 
funnel  so  as  to  till  the  funnel  and  small  tube  to  the  tap,  which 

IS  Closed;   water  iiavin,t(  a   sjJecific  cotuluctix  it_\-  e.jual    to  that 

of  the  colloid   is  tlien  jroured  into  the    U-tube  so  as  to  fill   it 

to    a    hei-ht    of   about    3    cms.       Tl       whole    tube    is    then 

placed   in   a   large  glass  water  bath    -     as 

to  be  almost  submerged  ;  this  water  should 

be  kept  at  a  c(jnstant  temperature  during 

the  course  <;f  an_\-  experiment.      .\t  the  end 

ot  a  few  minutes  the  tap  (T)  is  oi)ene(i  very 

sliglitly  and  the  colloidal  solution  allowed 

to  force  the  water  gently  up  the  limbs  of 

the  tube  to  anv  required   height.      If  care- 

ful!_\-  maniiJulated  the  surface  of  separation 

between  the  clear  water  and  the  solution  is 

\ery  distinct  and  will  remain  so  for  hours. 

1  wo  electrodes  of  coiled  platinized  platinum 

foil  are  supported  at  a  convenient  level  in 

the  two   limbs  of  the   tube  and   the  clear 

water   allowed    to    rise    well    above    them. 

Ihe  electrodes  are  attached  to  the  termin- 
als of  a  set  of  storage  cells  of  constant 
voltage,  and  when  the  current  is  com|)leted 
the  surface  of  separation  in  one  limb  will 
at  once  begin  to  ri-e  gradually  while  that 
in  the  other  will  sink.  In  practice,  the 
connexions  may  be  made  through  a  re- 
versing ke_\-  and  the  voltage,  usually  fixed 
at  about  I  10  volts,  ma\-  be  left  on  one  way  for  ten  nnnutes  and 
then  reversed  for  twenty  miiuites.  riu:  \elocit\-  is  reckoned 
from  the  displ.acement  of  the  surfaces  during  this  final  twenty 
minutes;  one-half  the  sum  of  the  displacements  in  the  two 
tubes  is  taken  as  the  distance  travelled  by  a  particle  in 
the  given  tune,  A  l\  pical  set  of  observation-,  is  given  in 
iabic  XVii. 


till.  15. 
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TAHI  r.  WII. 


Vollaqc— 

Hi  ii:ht  of  Col 

oidal  SiirfiLe. 

Observed 

Time. 

Sicn  of 
Rffih. 

TL-mp. 

Velociiy  in 

cm. 

lUturodc. 

I.eft. 

Ri^'ht. 

sec. 

»IM7 

+   iiS 

11  c. 

S  1    IllUH. 

55  nuns. 

Il-t7 

+   II« 

6i       ,, 

3"      ,. 

Curre  it 

oil" 

II-,,S 

-    ilH 

11  c. 

(n      .. 

.SO      .. 

Ii-5,S 

-    Ii.S 

^^             M 

56      „ 

gO  X    10-' 

I  j-i)S 

-   ir.S 

II  c. 

5"      .. 

62      „ 

l-.lcttrodcs  at  15  111111s.  in  tacli  limb. 

It  will  be  seen  from  the  table  that  there  has  been  an 
apparent  settling;  of  the  colloid  in  the  tube  while  the  current 
was  ruiinin^^  This  is  ([uite  usual  but,  as  the  reckoniiis:;;  is 
made,  it  could  Ufit  affect  tlie  rate,  since  this  slinJit  lowerint,'  of 
the  surface  is  uniform  in  both  limbs,  so  that  while  it  is  added 
to  the  velocity  in  one  limb  it  is  subtractefl  from  the  velocity 
in  the  other. 

In  order  to  fmd  the  \alue  of  the  electric  force  in  the  tube,  if 
is  of  course  necessary  to  know  the  effective  distance  between  the- 
electrodes  .A  and  H.  To  do  this  the  tube  is  filled  with,  sa\-,  a  X)  I 
normal  potassium  chloride  solution,  placed  in  the  water  bath, 
and  the  resistances  ;ire  taken  with  the  electrodes  placed  at  the 
succesMve  centimetre  marks  down  the  tube.  In  this  way, 
for  the  jiarticular  tube  used  for  the  above  results,  it  was  found 
that  the  resistance  of  the  curved  p.irl  of  the  tube  from  <in  in 
1.  t<i  i)()  in  R  \\;is  ,S  S  time-,  the  resistance  ot  each  cm.  len-th 
ol  the  sini;le  limbs.  So  that  when,  as  in  the  case  cited  in 
lable  WII,  the  electrodes  were  pLiced  at  i  5  in  each  tube,  the 
effective   distance   l)etween    the  electrodes   was   2,i-S   cms,    and 

thrreiore  the  stri'ii^th  of  the  electric  lii'ld  was    '  ''    _.  ,i<,  xolts 

lier  cm.      'rhus  the  absolute  value  of  the  mobilit_\-  of  the  siKer 
p/.irticies  in  water  at  ,1  tenipeiMture  of   i  1    (..'.  would  be  iy6x 
10    '  cm.  |)er  sec.  per  volt  per  cm. 

In  order  to  obtain  dependable  results,  !.;reat  care  must  In- 
i.u.Cm  iwi.an  iiu  ieiuiieraiure  oi  tile  coiioidal  -.oiution  and  the 
siipern.il.int    liquid    ijuite    uniform   belore   the    tap  T   is    fust 
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opened  ainl  thic  iii;_;lii  mt  tlic  w  ImIo  111  tlic  (il)-;i..-i\;itiiiii  ;  tin- 
\vlu)lc  tube  shiiuld  l)c  kept  in  a  water  hatli  tluriivj;  all  tliis 
tiir 

.-\  metiiod  similar  to  the  above  was  used  b)-  Coehii  '  '  and 
b\-  (ialecki  "  in  similar  measurements. 

\\  hitne)'  and  Blake'''  and  Schmauss '••  measured  the 
\eli)cities  ol  ciilldiilal  iKirticles  by  immersing  the  electrodes  in 
the  coll. lidal  solution  itself.  This  method  has  two  disturbiiit,^ 
elements;  in  the  first  place,  the  products  of  electrolysis  ])ro- 
duced  at  the  electrodes  affect  immediately  the  solution  itself 
and,  in  the  second  place,  there  occurs  at  tiie  electrodes  a 
charj4in,L{  and  dischariiint,'  of  the  particles  which  causes  anoma- 
lous motions  in  the  neii,dibourlK)0(l  of  the  electrodes.'^ 

1  he  first  workers  to  use  the  ultramicroscope  for  \elncit)- 
measurements  were  Cotton  ami  Muuton.""  Klectrodes  were 
introduced,  a  few  nuns,  apart,  hito  the  sample  of  solution  con- 
tained in  the  microscopic  slide,  a  difference  of  potential  of  a 
few  volts  applied,  and  the  time  reciuired  by  a  sini,de  particle 
to  cross  the  field  of  \  iew  noted.  Tliey  found  that  as  long  as 
the}-  viewed  only  the  particles  in  the  middle  of  the  laver,  the 
results  were  concortlant,  but  as  the  [)articles  in  \  iew  \\ere 
situated  nearer  and  nearer  to  the  bottom  or  to  the  top  ol  the 
ca\  it)-,  the  motion  of  the  char;4ed  jij'rticles  fiist  ceased  and  then 
wai  reversed,  I'he  distance  from  the  i^dass  walls  to  the  la)er 
at  which  re\ersal  t(Jok  [ilace  was  ^5^.  Lotto),  and  Mouton 
found  that  this  reversal  took  place  botli  with  nei;  .tively  and 
with  positivel)'  charged  particles.  .Near  the  w-alls  of  tile 
chamber  one  wouM  e.vpect  the  liijuid  to  mo\e  toward  the 
cathode  and  sweep  the  particles  along  w  ith  it  ;  it  is  difficult  to 
e.xplain,  however,  the  reversal  of  the  motion  in  the  case  of  the 
]iositi\ely  charged  |>arlicles. 

In  working  with  oil  emulsions  b_\-  this  method,  I'dlis'' 
introduced  corrections  lor  this  <liMurbing  fi',-iturc  b\  ohserv  ing 
the  app.irent  velocity  at  given  depths  and  calculating  the 
probable  value  of  the  velocity  of  the  particles  relatively  to  the 
liquiil.  In  .'uldition  to  the  .-ictiori  of  endiwinose.  ih.ere  are 
inherent  in  tliis  method  the  same  difficulties  as  indicated  above 
in  the  \\hitne\- and   l^lake  method  :  vi/..  the  disturbances  due 
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tn    the   i:lc.tl.l(k  -    ll.  ill;;    il  ll  l(l(  1  UCl'l  I    (lillTtlv    ill    T,  Hit , 'let    willl     till' 

•■iilloid  itself. 

If  was  sut;i^re^..^i^;l  i,y  i,;||j^  ti,.,t  eii(luMii,.>-L.  affects  the  re- 
sults ill  tile  U-tiihe  ineth(»i,  but  in  tlic  author's  experiments 
tubes  of  various  si/es  liave  l)eeii  use.l  at  ditferent  times  and 
all  ;4ave  concordant  results.  I'ecent  work  by  .McTat;L;art  "' 
<m  the  measurement  of  similar  \<-l(iiities  for  air  bubble-,  in 
\arious  ii(jui(l  me(ha  -1im\\  s  th.it  there  is  no  su.  h  effect  fir 
tubes  witli  (h'anietersof  the  order  of  one  or  two  cms.  ;  hirllier, 
such  an  cfle.  I  would  be  extremcl)'  small  for  the  small  currents 
used  in  such  e.\|)erimeiits. 

4.  I-.x/,in,ic)ital  laliics  of  the  iiiohilitics  oj  p„ili,lfs.-- 
In  lable  Will  are  collected  the  experimental  deteriin'na- 
tions  of  the  mobilities  of  particles  in  suspension;  the  lesults 
are  expre-^-.-d  in  cm.,  per  sec.  j)er  volt  per  cm  I'he  pre- 
fixed si.;n  indiiates  the  kind  of  char;.;e  possessed  bv  the 
rarticles. 

In  the  last  column  of  the  table  on  oj)posite  pa-e  are  i'i\eii 
the  \alues  of  the  pot-ntial  dillereiice  bet\\ecn  the  jiartide  and 
the  medium,  as  cahulated  from  the  formula,  p.  130  /  ,/).  i  he 
lorrespondin.^  \alues  obtained  by  Om'ncke '•  and  rereschin  "  lor 
the  potential  diflerence  between  ■;lass  and  water  in  endosmose 
c\|)eiiments  w.'rc  i  espicti\  cly  .i^^.tntj  o.j;  volt  ;  .Schmolu- 
ihui^ski  ■■  points  out  tiiat  this  means  that  ^lass  p.uticles  in 
water  ..t  i  S  K.' .  would -n,  ,\e  in  .m  ele(  trie  tie!.!  of  one  \  oil  jier 
•  111  uitii  the  velocity  ol  m  -  m  em.  per  seomd  a  \,ilue 
inclose  a-reement  with  m,in\  cl  the  mobilities  in  tlu-  t.ible. 
I  his  agreement  is  m..ie  ih.m  a  coin.  idrn.  e  md  su^^^ests  that 
a  (onmion  cause  must  .ncount  t.>i  the  c  h.u-in;;  o|  tiie  p.n  I  ii  les 
in  the  various  cises. 

On  the  other  ii.md,  ,it  the  boti,,!,!  ,.t  the  t.d.K  ,ne  niseitid 
the  values,. I  the  i ,  niv  .|,Mndin;.;  niobijitics  ol  tvpu.d  electro- 
lytic  ions  ill  (I  lute  ..iluii,,ns  Keepin;.j  in  mind  'ii.it  .stokes' 
lavv(sco  Cunnin-him  "  ,,n.l  .Millikan  ';  does  not  Iiol,l  i„  ii^ 
""'"'■".^  '"""  ^^'"■11  the  !..,!, i  of  the  p.nli.lcs  ,.ppi. ,.,.!,  the 
■•-■ll.:;!!!  ol  th,-  iiie.in  lov  p.ith  -I  the  molecules  nt  the  medniin, 
WC   iii.iy    ..„,.,,. lei     th,,tth<u    Is   ,,    p,,ss|l„lit\    ,,|    .omplete.on- 

tltlMltv      III      till.      ..). ....  ....... 
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.ncY'/D.vs  or  /•,/ A' 77r ■/,/•;.<  /.\-  yLv  i:i.r.cri<ic  iirrn    135 
r.\i!i.!  will.    \i()i!ii.rni;s()i'-  iiii':  nisi'i  ksi  piiam  i\  \  xkioi's 

AQUl'OL'S  .SOLUTIONS. 


Mobility  \.\  (.nis,       PH.  111  \oUs  !«- 

Di'pcrsc  ph.i^f.  ptT  sei.  p«T  volt     ivvttn  thu  disperse 

per  cm.    ■  10    *.       ph.i^eand  m.  dimn. 


Sn<,pin^U'Hs. 

I.yLopniluirn 

■    25-0 

f^Kuin/ 

-  3o'o 

Air  l)ul)blts 

-  40*0 

S.n/'i  ll,:ll,li. 

Ar  enloil>  Milplmlc 

-     .'-'-n 

I'riissi.iii  l)luL- 

!"■" 

I'llKsiaii  l)lue 

'    Hi 

(  rc)ltl  icIk'Iii.   p  up.) 

|ir,i 

(iolil  (chtni.  pu  p.l 

7-1  to  .-,7-4 

(/old  (clii-ni.  prup. 

arul  lireiliti) 

2C'o 

Gold  (lirediK) 

-    2VC 

Platiiaiiii 

-  3fo 

I'lalimim  (Hitdin) 

^  ^4-0 

l'l.\tli}urn  (lircdif,') 

.>v■^ 

ri.illmini  (liifdi^;) 

JO  10  40 

SiKcT  (liiidiKt 

i^v  to   iS 

Silver  JHrcdit;) 

-  ao'o 

Mt-rrurv  (Hrtdi;M 

-    25-0 

Silver  (Hr(diK) 

-  j.rfi 

liiMiuiih  (Hicdi^) 

1 1  0 

l.i.id  (iiudiK) 

lio 

Iron  (liicdii;) 

It^'O 

I't-rriv  li\ druxide 

30{) 

1  i-rriL"  ludtovidc 

•i-'i 

II  A  (Holudiii 

u/S  to  .'j-y 

Mil  (ilol.idlii 

-     ()o  to  11-5 

N.idll  Ciloliulin 

77 

II. so,  (ildbidm 

-  i«5 

iri'O,  (ilobuliM 

-  2yo 

/•■»l/l/l>|iHi. 

1  Ivdrocuhmi  od 

Ifo 

Spec,  acid  jiff  (mI 

.17'- 

.\ct<l  Irrf  od 

-  .l-'l 

l.iipiid  p.ii.iHin 

-  -'y.i 

I  \liiidcr  cid 

i7'ii 

\Vat(i  sohil.le  nd 

(h'o 

Aiidini'.  lu  sli  d  -1. 

Ul 

(.  lili)ii>riiriM 

-     100 

<iuiiiiiii)^iiu 

-    IS-I 

M.istixli.n  / 

-  t77 

/,    lt,il\  tl,    felM. 

(Ii>;aiiic  Ciinip  'h 

(hi);M  tiiol,  \vl,) 

JO'll 

1  hdni^ji  II  (  (  ) 

^^^^v 

llvdr()Mdi(     ) 

I  So  11 

(■I,l,,,„„   ,      1 

^^■l. 

"35 

'JiiiiKkc  '• 

•04.' 

Wliitiuv  and  IJIakr  '■• 

■o=f) 

Mc'ra;;[;ari  -" 

"it 

l.iiidtr  and  I'lclon  ' 

05*, 

Wliitntv  and  lil.ikc  '■ 

OvS 

Huito'i  '" 

O5O 

Wliitnev  and  Ulak.  '  • 

(iakcki  " 

036 

KoMa'-- 

030 

Hurton  '^ 

04  J 

Wlmniv  and  I'.l.ike  '■ 

11  u 

Rolla  -'■' 

ojH 

Hurton  '- 

Svc'dbcri^ '-' 

Cotton  and  Mnnton  '" 

02S 

Svcdbcru •' 

"15 

Burton  " 

"33 

.. 

015 

>f 

017 

t» 

027 

., 

042 

Wliitnev  and  I'.l.di  ' 

"73 

Uiirlon  -' 

031 

llaidv  -' 

"IS 

1 

010 

Oif) 

]\ 

03  i 

.. 

(>6u 

l.ewig  '■' 

054 

Kill    1" 

"4S 

II 

"(I 

03S 

»t 

t)07 

'M3 

,, 

014 

II 

oaj 

•  » 

024 

l» 
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As  \w  'hill  ii-r  l.it>  r,  tlu-  iiM,l)i!ity  ]i,,-.-,rs-<ril  h\  iuli|i,i|-- 
licles  IS  ;;HMlly  alT.  tcl  In  lluj  iiit  roiluUiMn  ci|  ixtivincly 
small  liaccs  nf  clfclniJN  U;s  .(nd,  cunscciiiciUly,  une  j^ct^  some 
variety  in  the  values  of  the  mobility,  obtained  when  the 
specific  condiictivit)-  chaii-es.  l'"<,r  e\amp!e,  copper  solutions, 
the  specific  coiiducti\it\-  of  A-hich  \  arid  froiii  Vl  ■  lu  "to 
^2  X  lo  '■,  i^ave  mobilities  vaivin-  Iroin  ;;;,;)  x  lo  ■  to 
.?,V(    ^-    lo     'cm.    per  sec.  i)ei     olt    per  i  m.       It    i.    iiiijiossible, 

tli'.-rclon-,  1,1  assi-ii  a  definite  luunber  as  the  Han-port  nber 

"I  a  particular  <  (illoidal  particle. 

We   ha\e   ah-eaily    nolud     p.     i  :;,):    ihat    the    laobilit)-    ol    a 
particle    ot     i^iveii    constitution    in    a    -iven     li.juid    medium    is 
independent   of  the   si/e  of  the   particle.       Hardy    '   i>repare(! 
a   series  of    similar   sols    of  .idobulin    containiii;.;    particles    of 
<hflerent  si/cs,  but  found   that    the   velocities   with    uhidi    they 
moved    in    a    -iven    electric    lield     u ,  re    alua\s    the    same.       if 
particles     of    dincrent     s,   cs     do     cxi-t     in     the     electrically 
I'repared    solutions,   the   si/e   uoiild    piobibl)'    depend    on     the 
violence  nl  the -.parkin-  diirin;,;  thr  pi\'p  n.it  ion  ,,f  the  s.ilution. 
Ihree  silver    -ohuion-,    u  en;   prepaied    by    th.    writer   In     usin,i; 
varyiiiL(,urrcnts  ;'nd  v.lta-esfor  prodncni,;  the  -p.n  k,  alU.tiier 
condition-,   bein-   the  same  except    the  time   o|    sp.ukim;.       .\s 
shown    in    1  able    .\l\,the    duieien.  e-.  in    the  mobilities,'u  hich 
were  all  deteimined  at    II     t    ,  ,ire  al  I  u  it  hi  n  ilk    limit.  .  .1  error 
111  the  expel  linen t. 

'  \HI  i;  Xl\ MllA  I  i;  Sdl  f  i  iriN-,. 


No.  \ulia 


If.  Ciirtini. 


■  I'.irkni  till 

Iff 

on. 


I         fill  vnliM.       -;■ 


.'         do 
I" 


0-, 
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S111..C  ihere  Is  no  „  ^A//,,,/ ,-^^,;,^,,„  f,,i- assuming  Ih  ,1  all  th<- 
particles  are  of  a  uniform  si/e,  these  results  would  ...ninm 
I    inib-  theory. 

5.   I'lfeit  0/ viuvsity  of  solution       j  h,    i.  mi,  r  j,,     ..:..:,  ^i 


out  ;i  vcrics  ..t  i-\pcrim<-nt-.  cm  tin- \  .iliciity  <  if  tin-  rcrmula  ;;i\  c-ii 
""  l'''.-iL'  '.i'>  ill  ■^"  l':n- as  »;,■■  (uii-,taiil,  as  Idii;;  as  one  ilcals 
witli  the  same  inalcrial  in  tlic  particle,  the  sainc  liquid  incdiiiin, 
and  constant-  potential  ijradicnt. 

TAiii.i:  w.- sii,vi;k  lOi.idiDAi,  soi.fi  ions. 


'reinpcr.ittiic 
Ccnti^ii.idc. 

MdI  ihu   (il 

Lr)iit>  a(  v\.tu  r  at 

lo. 

\eii  u-inperafiin' 

HiocliKt  t)t 

I 

J' 

i5'i  X  io-» 

, 

•iilfi-M  1 

2 (-5   ■   10 

'i 

■-y^y' 

l8'6  X   I0-' 

1 

■01331)0 

24-7   y    10 

i 

1 1" 

I9'6  X  10-' 

■ 

•01  jSjJ 

25'i  X  10 

t 

-•1 

25-5  X  io-» 

•1x19922 

25-0  X  10 

S 

.n" 

30'i   X  io-» 

•007972 

24'o    >    10 

f< 

VS' 

37-2  X    lu    » 

•oo'')577 

24-5  >.  10 

In  lahle  XX  are  ;_;i\cn  the  mobility  detenniiiations  for  siKer 
cnlloiiial  snliitiiiii  in  \\al(  i-  o\er  a  ian;4e  (.f  tempei  alinis  liom 
,S  C  .  to  40  5  ('.  In  peiTormiiiL;  tliese  experiment--  the  \\ater 
hath  in  wliirh  the  \eloeity  tuhe  w.e,  al\va_\ -■  supported  uas 
heated  and  the  water  constantly  .tirred  ;  the  temperatuie  \\as 
maintained  con^tanl  at  an)  .me  time  hy  the  u-.e  .  it  an  ordinal  \' 
tluMUlo^t  li  i  he    ^en-.iiil_\     lon-aani    \ahu'   ol    1;,     is    in    ^ood 

accord  \uth   the  n'liuirement-,  ol  the  \'elocily  lunnnla. 

llic-c  c.\peiimi-nt^  ai-.o  induate  tiie  prim.iiv  importan -e  of 
taUin^;  accoinit  of  the  temper, nuie- in  tia^woik  ,  ,1  luidei  t  ol  llie 
intlucnce  o(  cliaii^ini^  temperature  in  any  f  rm  .1  app.ir.itus  lor 
measurini;  these  velocities  le,ld>  to  heu  ildiaini;  resuits.'" 

''  lhii\l)\-itoft!iiiiu\li!iii!.  I  aiidei- ,ii;d  I'ictMii'  (it  ,(  siu;- 
ye:>ti;d  some  interaction  hetui en  the  lii|uid  medium  ,in<!  ihe 
particles:  "  l-'vin'iinu  nl  st'em<  lo  diow  thai  il  .1  -olntiun  is 
l)asic  or  tend-,  to  l)reak  U|)  s(  j  ,1,  t'>  le,i\a-  a  liee  li.i-.e  ai  ti\e,  the 
molinn  i-.  to  the  ni;;ali\e  pcle,  II  the  ,ohilioi;  i^  ,n  idic  (or 
tends  1,1  1)1.  als  U|i  so  a^  to  le.ue  ,1  lo  e  II  ioil  .letiM  motion 
Is  to  the  p(  i->it  i  w  pi  lie." 

I'n  ai  1  iMiiil  111  the  niadc.piac  \  ol  a  puniv  pilN  -.ii  a  i  e\  plana- 
ti"ii  ol  the  I  .lU'-e  i,|  ihe  <  h,ir^e  |ios-,es-ed  In  i  olloidal  p,iiti(  |es, 
ll.ird)  '  w.i.  Icil  to  accuuill  lor  the  pliciionieiM  Imm  .1  c  hem- 
icai  jiOlUt  of  \icW.       ill    ihc   >,nnpii-,oi    ^;ini)iiijii    iai)ui,Uiii    on 
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!>.    I  ii   aciil   L;lohiilin  j.;i\cs  c.-itioiiir  s.  iliiiiuiis,  uhilc   \r.\.^\c  vlo- 
l)uliii  i;i\c^  jmioiiic  suliiliniis. 

A  consideration  of  the  rlassification  of  tlic  Hiciliy  uictailic 
hydnjsols  and  alcosols,  L;'vcn  on  \y.v^c  i  jfi,  sheds  h';;lit  on  tlic 
influence  of  the  nierhuni.  In  the  re-.ults  L;ivenin  Table  Will 
one  is  struck  \\ith  the  iact  that  the  i)aitiiles  of  tlie  ikitio- 
poMtue  o\idi/ah!e  nutals  are  all  iio-,iti\  el)'  char-ed,  w  liih'  the 
electio-nei',ati\e  non-o\i<li/al)!e  uicliN  -i\i-  nc:.;ati\  cK  (  liar-.ed 
liarticle-^.  When  ue  o-call  thai  the  iion  in  snch  '.Intious 
ai)pears  to  loiin  tlie  hvdrate,  and  that  the  |..iiticle.  heai  a 
cliar^'e  of  the  same  si.;n  as  the  iiaiticles  in  chemically  [ne- 
paretl  colloidal  solution^  of  ferric  iiydrate,  one  is  ju^tilkd  in 
suspuctinj,'  that  in  the  ca--,es  of  iron,  l)isiiuith,  lead  and 
copper  the  process  of  manufacture  of  these  electrical!)-  jne- 
pared  solutions  invoh  es  the  production  of  a  certain  anionnt 
ot  tile  h)(lrate  of  the  metal.  Such  an  h\n.itlu^is  at  once 
sUL,'.;ests  an  an.doi.'ous  action  on  the  part  of  i;()ld,  silver,  jihiti- 
num,  and  mercur)-,  vi/.  an  interaction  hetuceii  •''..■  nu'tal  and 
hydro^'en  -a  view  to  which  the  alreail)  known  e\i■^lenceof 
a  hydride  of  platinum  woukl  lend  some  colour. 

Tin's  e\pl;ination  u.is  first  offered  In'  llanU-  '  :  "Consider 
the  li)(li..,,,l  ,,|  ,1  metal  sudi  as  platinum.  'Tlie  colldid  |,.,i- 
ticleb  are  neijat ivil)-  (  iiarj;e'd,  they  are  anionic  in  (h.nacter, 
and  tin-  char-e  is  due  to  a  reaition  l)elueen  tlie  metal  ,ind  the 
w.iWr  at  the  mom.-nt  of  toimation  ojlhe  h)droMil  uheuliy  tlie 
h)iliide  T/11  Is  foinud  uiuih  ioiii/es  in  the  sense 

T/11  :.  17  (11 
'i'iietiiief  numhei  o|  ine  ion-,  IV  aie  ni  the  foim  i,f  ni.isses 
so  lal-e  as  to  l\a\e  tile  prop,  iti.s  >i|  m.itter  in  in  iss,  the)  are 
not  1,1  niol.iulai  diineiisinns  and  the)  loim  .m  intein.d  phase. 
Ionization  is  a  phenomenon  ol  tlie  snrlai  e  oi  these  m.i-scs  only, 
it  coiifeis  on  the  p.nticle  it  -  eletli ical  cliar(;c,  and  it  is  in  tlii.; 
ta.se  the  nnoinpleti-  (  hemicai  coiiitiination  '  \^hiih  l.^id 
kaj'ki'^h  re;;.n  1,  .i,  the  ■,,  ,iiue  ol  .  out, let  <lllfeii  in  es  o|  |.,,ti  u- 
tiaitowhuh  1  U'ltiied  in  ai.  c.iiIk  1  p.iper.  I  n  le'.u  ti(  pii  .  tlicrc- 
foie  ,ui  elii  Iiop<isiti\e  .olloiil  is  ,i  weak  alkali,  e.j.;.  hsdios.il  i,f 
Icrilc  ll>-dlo.\iil(  .  ,uid    an    i  let  tione-,ai\  e    ioll,,i,l    .iwc.ik    .,,  id, 

e.g.  Kiiicu." 
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riic  sii;4_L;c^li(.ns  -i\en  In-  tlic-ii'  results  for  tiic  hy<lr(>-,(ils 
arc  sircii;^nheiuvl  by  tlio  iil)servati<ins  on  colldidal  solutinns  in 
the  alcohols,  wliicli  wc  may  call,  after  (iraliaiii,  alcosols.  i'me 
methyl  alcohol  and  pure  ethyl  acohol  were  used  in  the  prepara- 
tion instead  of  water. 

AlthoULih  re|)eated  trials  were  made  with  the  metals  i;old, 
silver,  and  i)latinum,  the  writer  lias  never  succeeded  in  s'Vttini; 
them  to  remain  suspeixled  in  eitlier  of  these  alcohols.  Oii  tlu; 
otiu'r  hand,  the  mi.-t.ils  lead,  tin,  and  /inc  form  M.lutions  in  liotii 
of  the  alcohols,  while  with  meth)l  alcohol  solutions  were  also 
oht, lined  with  bismuth,  iron,  and  copper.  In  all  these  s(jhitions 
the  particles  moved  to  the  net,'ative  electrode  in  an  electric  field, 
i.e.  they  are  positively  changed. 

Viewin-,'  these  results  in  the  li-ht  of  the  chemic.d  natuie 
<ii  the  alcohols,  the  former  su;;Lje^tion  as  to  the  interacti<»n 
betwivn  the  li(|uid  medium  and  the  metals  i-.  ^tren-tliened. 
.\ltlioui;h  these  alcohols  ha\e  a  neutr.il  reaction,  tlie\  act  like 
weak  bases  in  combinini,^  with  acids  to  form  >Ai=,  or,  in  other 
w.)rds,  they  have  an  easily  replaceable  Oil  ^;roup.  The  easily 
o.\i(li/,ibIe  met;. Is  would  thus  be  able  to  lorm  at  least  a  surf.ice 
co.it  of  h)(lrate,  while  the  metals  -...Id,  platiniun,  ,in.i  siK.i, 
the  existence  of  which  in  a  .dlloidal  state  depends  on  ,i 
re|)laceabli-  lu-.lru^;en  in  the  ii.jui.l,  caim.)t  f.irm  in  the 
alcoluils. 

.A  still  further  test  of  this  h\'|)othesis  is  .ifforded  when  one 
Uses  as  the'  li.|uid  medium  a  subst.mce  which  has  ,i  r.|il,n  eable 
11  aii.l  not  ,in  OK.  .\nh\dr.)us  a.  ids  miLjlit  be  us.-,l,  but  there 
is  j^neat  difruult)  in  ki-ei)inH  tluin  free  Ir.im  u.iter  ami,  as  i-, 
well  known,  electrol)-ti's  containing'  aci.ls  have  e\tuin.'l\  sIiohm 
lM)\\er  ..I  coa-ulatiiij;  solutions  l''.th)  1  maloiiate  i  Sp.'ii.  i-  is 
a  li.juid  uhi.h  hilfils  the  cndition  .if  having  a  repl.ice.ible  H. 
When  pl.itiniim,  .;old,  aiul  silver  \\k-\.-  sp.nked  und.  i  n.Mth  this 
liijUid,  \iiy  sl.ibl.-  ,  ,,ll.,id,,l  snlutioils  u.-r.'  .ibtaiiied.  thos.  o| 
the  tirsl  U\o  niii.ils  named  ,iie  .ipp.m-ntly  .is  si.ibU'  ,isthe  coi- 
respondiiii;  hydro. of..  whiK  the  i;old  sohiti.in  ro.iuulaics  at  tlie 
<'ii<l  o|  ,1  111,, nth  or  so.       llu-.r  p.iiti.  '"'s  were  all  loiiiid    lo  bc.ir 

a    UeiNltK  .•  I  ll.ll';.'      silllll.ll     to    IjlOsiJI'!     !!!.:h!im'.!.    slIV!'!       .!!!:!     •.■::!:! 

ill  hydrosols.      U  hen  the  othei  m.t.ils,  bismuth,  le.ul,  /in.,, in. I 
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ii'Mi,  \M  1,-  iHi-d,  a  cilloidal  s,Muti,,ii  ill  clhyl  nial.uialc  e.nilil 
H'  it  \h-  i<l)taiin'(l. 

On  sparkin.t;-  with  silver  clcctr.Mics  in  pure  anlixdrdus  ether, 
fC..,lI  .O,  a  cf)!I(ii(lal  solution  was  ol)taiiie.l,  tlie  particles  of 
\\liicli  possess  a  iie-ative  cIiaiL;e  as  sliowii  h_\-  a  sHijlit  motion 
under  the  influence  ..fan  electric  lield.  1  eail  electrodes  did  not 
:;i\-e  a  colloidal  solution  in  ether. 

In  the  accoMipan)in-  table  are  idven  the  values  of  the  po- 
tent lai  .litTerences  between  the  iMiticle^  and  the  nirdiuni  l..r 
the  sdliition-  in  tile  alcoliols  and  ethyl  nialonate  in  coinpaiisMU 
with  the  iiydnisols. 

I  Aiir.r;  wi.-vAi.n-.s  oi-  v  i\  voi/rs. 


Ntci..ls. 


ri.itimim     . 
(iol.l   . 

l.i.ul. 


III  waicr 


-  -031 

-  '"33 

-  -(136 
+  -oiN 
I   -ot; 


In  Lih>l 
malontte 
K  -  106. 


-  '"54 

-  'uio 


I"  eiliyl  111  mcilnl 

alcohol  ukohoj 

K  =   25  B.  K      jj 


+  ■'•'■■ii 


+  ""44 
■t-   'OJ-' 


I  his  t.ible  shows  a  -.ur|iri>inL;l_v  (.lose  a;neenient  anion-  the 
ihtierence.  of  jiotential  between  the  partii  les  and  the  lh|ni(is. 
lalsin-  into  account  the  wide  differences  between  the  spr.  ific 
induai\e  capacity  sa\-.  lor  w, iter  anil  elh>l  inalonale,  wr  <  an 
•  ledlK.'  that  the  diar;;.;  of  eiectiicity  ,in  the  particle  o|  a  i^iven 
inet.il  iiiu.t  be  inui  h  -ivater  in  water  than  in  etlis  1  m.i'onate  ;  in 
otiier  winls,  the  interaction  between  the  p.ii  tii  le  and  the -olvent 
seeuH  to  be  <le|)eiident  on  what  in  ly  be  defined  a-  tlir  ioiii/inj; 
pouer  of  the  lii|iiid.  It  is  further  int.'ivstiiu;  toiinte  that  these 
\alue  for  the  ditU'ieiue.  <A  potential  betvuen  the  pai  titles  and 
'li''  h.|ui.b  aie  of  ti,e  ■,aine  oidei  asthi'  \aliie  li.iuid  b\  renin 
lor  the  ditleniKe  ol  potiiitial  be|\MLii  ( hi  oiniinii  .  hloi  ide 
diaphia.on  and  sli;;hll\  audillated  u  ater  (  o  >  ^  \  oil  .  and  also 
agrees  in  the  ^aine  ua\  with  lii!inh.ilt/\  v.diu  ,  i,,rth,.  differ- 
ence ol  potential  betwi'cn  \ei  \  dilute  ai|tieoii-.  ■.nhitioii-.  and  the 
walls  of 'dass  tubes  in  wliiih  tluy  \uie  contain,  d,  il  liu  i ,  ,11, ,  - 
tiniis  are  made  b\  intiddurlne  th.e  value  !or  !l<.e  -ah-.  •!•:  n;:!:;,  . 
tue  1  ap  h  it\    i.|  uatei. 
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7.  'I Itcorctiuxl  co!isii{,T,-itious. — -There  is  [iracticallv  1111- 
aniinity  in  the  opinion  that  these  particles  in  colloidal  solutions 
arc  inclosed  by  a  double  electric  la\er,  tlie  elcctricitv  of  one 
siijn  on  the  surface  of  the  [larticle  beintj  in  e(]uilibrium  witli 
an  e(|ual  amount  of  electricity  in  the  layer  of  lii]uid  imincrli- 
alely  surroundiiic;  the  particle.  It  is  a  matter  of  doubt  how 
this  double  layer  is  formed. 

h'ollowiiiL,'-  the  opinion  i^iven  by  (hu'ncke  ret^ardiui; 
suspensions  ot  microscopic  particles  in  li(]ui(ls,  many  writers 
l-.ave  been  cnuteiit  to  view  the  phenomena  as  an  effect  ex- 
pressed by  the  term  "contact  electrification";  the  particles 
become  char-ed  by  tiie  rubbiiij;  of  the  movin^r  particles  of  the 
liijuid  itself  a.L;ain^t  the  suspended  particles. 

llie  lecent  work  of  Terrin -"  has  produced  results  which 
throw  considerable  liL;ht  on  the  phenomena  of  electrification  1)\' 
contact  between  li(|ui(ls  and  solids.  \\y  measurements  of  the 
electric  osmose  of  liijuids  tlirout,'h  diaphragms  of  various 
materials  lie  is  led  to  these  two  laws-    - 

1.  I'lectric  osmose  is  only  ap[ireciable  with  iom'/iuL,'  lii|uids  ; 
or,  in  other  words,  ioni/.iiiL;  licpiids  are  the  only  ones  which 
;;ive  ^troni;  electrification  b\'  contact. 

2.  In  the  .ibsenci'  of  polyvalent  radicals,  all  non-metallic 
Mibst.nices  become  po^itise  in  li(|uids  wliicli  are  acidic,  and 
ne,L;ati\c  in  lic|in'ds  wliicii  are  liasic. 

In  t'\pl,ilnin.i^  tliese  results  lie  suj;;j;ests  tlie  h\potliesis 
111, it  ,1  positive  electrification  of  a  wall  bathed  b\-  an  acidic 
Iii|uii|  is  formed  by  If  jniis  situatid  ill  the  --tat  ioiuiry  li(|uid 
layer  inuiiedi.itely  coiitii;uous  to  the  wall.  Oppe-^ed  to  it  at 
I  siii.dl  ilisi.incc  there  will  be  a  cni  respDiirliii;^  excess  of  nei;a- 
li\e  idiis  funiiiv.;  another  lavei  When  the  wall  assiunes  a 
iie-,itive  ihaii;i-  it  is  on  account  nf  siniil.ir  .action  ol  tlw  Oil 
""i--  It  i'-  i'luiid  that  il  and  Oil  imi-  UMve  niui  h  more 
ijuickly  th.ni  other  ions,  il  ihcn  we  expUin  this  hii;h  \<-louty 
by  assumiiiL;  that  the\-  ,iie  smaller  tlvui  otiier  ions,  we  sh,,uM 
expe(  t  lliein  to  (leneti.iti'  ne.irer  to  the  boiind.irv  o|  the  licpud 
and  .0  iMU-!ei  ,it  the  liinitiiiL;  la_\er  of  a  li,|iiii|  ,ni  excess  of 
■ '   ,'  -  ' '  ■  ' "'  !'>-"  -^^'.^i  '••        .**  i  t  lio;;;  ^;:   ;  ;;e  a  iii'i  i«  »^K  •   iK  t  Wi  \  ii 

till.  |ilu.nomenoii  of  electric  osmose  and  that  of  tlic  cuai;ulatioii 
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of  colloidal  solutions  undoubtedly  help  in  explaining  tlie 
latter,  the  formation  of  these  si.lutions  can  hardly  he  credited 
to  merel\-  piiysical  th'ffusion  of  the  H  and  OH  ions.  As  we 
have  seen  from  the  si.ijn  of  chars,'es  borne  by  particles  in 
solution,  it  is  those  which  appear  to  depend  on  a  replaceable 
H  which  are  nei^ative,  while  those  dependin-;  on  a  replaceable 
Old  are  positive. 

The  two  views  are  thriven  thus  by  Noyes''-': 

"  In  re-ard  to  the  cause  and  character  of  the  electrification 
two  assumptions  deserve  consideration  ;  one,  tliat  it  is  simply 
an  e.xample  of  contact  electricity,  the  colloid  particle  assuming 
a  charge  of  one  sign  and  the  surrounding  water  one  of  the 
other.  This  correlates  the  phenomena  of  migration  with  that 
of  electric  endosmose  It  does  not,  however,  give  an  obvious 
explanation  of  the  facts  that  the  basic  colloidal  particles  be- 
come positively  charged  and  the  acirlic  and  neutral  ones 
negatively  charged.  The  other  assumption  accounts  for  these 
facts.  Acc(jr(h'ng  to  it  the  phenomenon  \>  simi)l>-  one  of 
ionization.  Thus  each  a-gregate  of  ferric  hydroxide  molecules 
may  dissociate  into  one  or  more  ordinary  hydroxy!  ions  and 
a  residual  positively  charged  colloidal  particle,  and'each  aggre- 
gate of  silicic  or   stannic    acid    molecules    int..   one   or    more 


hyfirogen    ions   and   ; 


I    residual    negatively   charged   colloidal 


particle.  .  .  .  To  explain  the  behaviour  of  neutral  substances 
lil<c  gold  or  ,|uart/  by  this  hypothesis,  it  is  necessary  to 
supi.lemeiil  it  In-  the  assumption  that  in  these  cases  it  is  tiie 
water  ..i  ,)ther  electrolyte  combined  with  or  absorbe.j  In-  the 
colloidal  particles  which  undergoes  ioni/atio,,.  it  stem's  not 
i'nnrobabirtli.it  there  may  be  truth  in  each  of  these  hypotheses, 
•  'intact  electrification  occurring  in  the  case  of  the  coarse  sus- 
pensions ,tnd  ionization  in  the  case  of  those  whicii  approximate 
more  neaily  to  colloidal  solutions." 

Comparing  the  results  L;iven  for  the  signs  of  the  charges 
borne  In-  the  jiarticles  in  diffc'reiit  sohitioiis,  we  have  Un- 
lollowiii- 

'  ^^■">-'  'I  -^lli  I  can  foiin  two  d.i^srs  of  colli. ids, 
the  p.iilul.  ,,,f  wlmh  are  respect  ivel\-  oosilu  ,K- .,,.,  I  ,„.,,(,> ,!.' 
ihar-.-d. 
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2.  Replaciii-  the  mobile  H  '  by  the  groups  CH,  and  CH,, 
to  form  tlie  alcohols,  seems  to  destroy  the  power  of  formiii"- 
solutions  with  negatively  charged  particles. 

3.  Kthyl  malonate  CH_,  (COOC.H,),,  which  has  the  mobile 
H,  readilj-  forms  those  solutions  containing  the  negati\ely 
charged  particles  and  those  only. 

It  is  evident  that  the  formation  of  the  solution  de[)ends  on 
tlie  chemical  nature  of  the  solvent.  This  leads  to  the  follow- 
ing theory  (jf  the  constitution  of  the  solution  : 

(i)  In  the  case  of  gold,  silver,  and  platinum  in  water  or 
ethyl  malonate,  we  have  an  incomplete  chemic.d  combination 
with  the  li<iuid;  thus  for  platinum  and  water  we  have  the 
equation 

n\\  +  H  ■  .OH  __il't„H  •  ,  +  OH. 
In  analogy  with  Nernst's  hypothesis  of  the  solution 
pressure  of  metals  in  contact  with  an  electrolyte,  we  may  look 
upon  the  platinumdiydrogen  aggregate  as  dissociating  slightly 
so  as  to  formal!  atmosphere  of  positively  charged  hydrogen 
i(jiis  about  the  negatively  charged  colloidal  particle. 

3  With  the  other  metals  in  water  or  the  alcohols,  we 
have  a  corresponding  formation  of  the  hydro.xidc,  thus 

;/,  I'b  +  H  '  .OH  '  =  (Pb„.OH     ,;  +  H. 
B>    slight  dis.sociation  of  the  aggregate    I'h,, .  OH    we  obtain 
a  positively  charged   colloidal    particle  surnjimded   by  a   la>er 
of  OH     ions  in  the  li(iuid. 
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CHAPTER  VIII. 

COAGULATION  OF  COLLOIDS. 
I.    BV  Ki.ECTKOLVTKS. 

For  several   years    experiments    have    been    carried    out    on 
the  coagulating  power  of  electrolytes  added  to  colloidal  solu- 
tions.    Scheerer'    1852;  found  that  turbid  acjueous  solutic^ns 
of  whatever  chemical  nature  were  clarified  by  the  addition  of 
strong  acids  or  one  of  the  salts  of  a  strong  acid.      Faraday - 
(1S56)   noticed   that   his   chemically   prepared  gold   solutions 
changed  colour  on  the  addition  of  salt— a  phenomenon  which 
he  correctly  ascribed  to  an  increase  in  the  size  of  the  particles. 
Cruni  ■'  (i  854,1  found  that  the  acid  or  salt  necessary  to  coagulate 
colloidal  aluminium  hydroxide  was  absorbed  by  the  precipitate. 
When  Graham  *  first  discussed  the  division  of  materials  into 
crystalloids   and  colloids  he   noted  as  one  of  the   important 
characteristics  of  colloids  their  relation   to  added  crjstalloidal 
electrolytic  solutions.      He  says  :   "  The  colloid,  although  often 
dissolved  in  a  large  proportion  by  its  solvent,  is  held  in  solu- 
tion by  a  singularly  feeble  force.      Hence  colloids  are  generally 
displaced  or  precipitated  by  the  addition  to  their  solution  of 
any  substance  from  the  other  class,"     About  the  year   1868, 
Jevons-'    completed     iiis    microscopic     e.xperimonts     on     the 
Brownian  movement  of  particles  in  suspensions;  he  observed 
til, it  this  movement  existed  parallel  with  the  stability  of  the 
susi)ension.     The  addition   of  acid-    alkalies   or   salts,    inde- 
pendently of  their  chemical  constitutu.n,  caused  the  cessation 
of  the   Brownian   muvenient   and  coagulated   the  susjiensions. 
'Ihese   results    led  Jevons  to  suggest  that  the  particles  were 
c:v.-..ir:Li;;;y    cnargcu.       i  iii.-,    uiiLiuscupic     woric     was     carried 
lurther  by   Gouy "    (see    chap.    IV.).     Stingl    and    Morawski " 
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(1879)  (il)scrvc(l  ill  a  siilpluir  sol  iiiulcr  the  inicroscoiie 
small  round  bi.dies  which  tlun  took  to  he  hubbies  filled  with 
water.  The\-  believed  that  the  addition  of  a  salt  solutic)n 
caused  diffusion  of  the  salt  into  the  bubbles  and,  as  a  conse- 
quence, (lestro\-ed  the  motion  ;  the  stojjping  of  the  motion 
allowed  the  bubbles  to  unite  into  lar<,rer  complexes  which  were 
then  drawn  to  the  bottom  of  the  vessel. 

Ihese  early  researches  really  open  up  all  the  questions 
which  modern  work  has  trietl  to  answer :  \\/..  the  [lOWers  of 
various  electrolytes  to  coaj^ulate  ilifferent  colloidal  solutions, 
the  relation  of  the  addition  of  the  electroljte  to  the  charge  on 
the  particles  and  to  the  surface  tension  between  the  particle 
and  the  medium,  the  details  of  the  process  by  which  the 
particles  unite  to  form  the  coagulum  as  revtalefl  by  the 
microscope  and  by  the  colour  changes  of  the  .sol,  the 
effect  of  the  absorption  b\-  the  coagulum  of  part  of  the 
electrolyte  added,  and  the  -elation  of  hydrol_\sis  and  chemical 
combination  to  the  coagulative  action. 

We  shall  discuss  the  influence  of  added  electrol)-tes  under 
the  following  heads  :  — 

')  Coagulative  powers  as  determined  e\perimentall\-  by 
precij  .lation  ; 

(2;  Electrokinetic  effects  and  the  theory  of  the  isoelectric 
[joint ; 

(  >  I'arallel  action  of  electrolytes  in  electro-endosmose 
phenomena  ; 

(4     Direct  observatif)n  of  the  effects  b_\-  the  ultramicroscope  ; 

(5)  Changes  caused  in  the  physical  jiioperties,  im;.  colour, 
viscosit\- ; 

[I  i  he  function  of  the  portion  of  'die  salt  entiained  by 
the  C'  '.i-nlum. 

A>  alread)'  pointed  out  in  chapter  il.  the  separation  of 
colloidal  solutions  into  suspensoids  and  emulseids  is 
markedl)-  justified  by  wide  differences  in  sensitiveness  to 
added  electrol\tes,  .As  a  general  rule,  sus'iensoids  are  pre- 
cipitated by  extremel)-  small  additions  of  electroKles,  wliile 
the  emulsouis  are  atlected  b\-  comparatively  strong  solutions 
only,      Relatively    little   work    lias    been    done  on    the    latter 
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class:  ricconlino-  to  S|)in),  tl;c  picciijitaliiiii  dl  cmulsuids 
"can  be  aiiequale!)-  explained  as  a  se[)aratii)n  into  two  phases, 
one  a  solid  pliase  rich  in  the  colloifl,  jjoor  in  salt  and  water 
the  other  a  flnid  piiase,  rich  in  water  and  salt,  poor  in  the 
colloid,  the  action  beini;  exactl)'  ;:imilar  to  the  saltini;  out  of 
alcohol  from  a  mixture  of  alcohcjl   and   water  by   the   addition 


of  magnesium  carbonate. 


"  Electrical  precipitation  is  distinguished  frv)m  salting  out 
ni  the  same  way  as  is  the  precipitation  of  calcium  from  a  solu- 
tion of  the  hydroxide  by  potassium  sulphate  to  the  [irecipitation 
of  potassium  sulphate  by  calcium  sulphate  as  the  double  salt 
K.SO,  .  CaSO, .  4H.O.  In  the  one  case  the  i)recipitant  is  de- 
composed, in  the  other  case  it  is  not.  The  precipitation  of 
electrically  active  hydrosols  is  distinguished  also  by  the  small 
con.centration  of  electrolytes  necessary  to  produce  the  change, 
whereas  a  high  concentratifin  is  necL.-.sary  to  salt  out  "  (Hardy  -). 

By  far  the  most  interesti-.g  results,  both  practical  and 
theoretical,  are  afforded  by  the  classes  of  solutions  sensitive 
to  small  concentrations  of  electrolytes. 

I.  Lihii:^it/a'ivt- pollers  of  fh-LhvIvlts. — To  a  given  volume 
of  colloidal  solution  is  added  a  quantity  of  electrolyte  sufficient 
to  produce  coagulation  (precij  fation)  of  the  di.sperse  phase; 
if  the  molecular  concentration  of  the  electrolyte  in  the  mi.xture 
be  (■,  then  :  <■  is  called  'he  coagulating  power  of  the  given 
electrolyte  on  the  given  sample  of  the  ccjlloid.  .Among 
several  samples  of  the  same  colloid  one  should  express  the 
coagulating  powers  of  different  electroljtes  in  terms  of  the 
necessary  concentration  per  gram  of  the  disperse  phase  i)erc.c. 
of  sol. 

Two  remarkable  results  are  evident  on  comparing  tiie 
copgulative  powers  of  various  electroljtes  on  colloids  of 
differcii  kinds;  first,  the  coagulation  depends  entirely  on  the 
ion  bearing  a  charge  of  sign  opposite  to  that  of  the  colloidal 
particle  and,  >eLoiid,  with  solutions  of  salts  tiivalent  ions 
Iiav.-,  in  general,  immensely  greater  coagulative  pjwer  than 
-.:•.::•:  v::c  :.iiic:,  ;::  ;ur.,,  luUCii  gieaier  tiian  uni- 
valent. .\cids  and  alkalies  in  particular  cases  act  more  strongly 
than  tile  corrcs[iondin;;  salts. 


1  (S   I'livsicAi.  i'h'npi:i;rii.:s  cicoij.oidai.  sorrT/<K\s 

Real  s\'stcinatic  wor!,  nn  tliis  phciioiiiciioii  was  first  uiidcf- 
takcii  !))•  Scluil/o,'  and  l.iiidcr  'uid  I'i-toii,'"  and  others ''  from 
a  clicniical  i)<)int  of  \icu-.  The  coai^ulative  powers  of  different 
salt  solutions  were  determined  h\  tlie  former  for  arsenious 
sulphide  and  antiuumy  sulpliide,  and  h}-  Linder  and  J'icton 
for  arseni(.us  sulphide  :  diey  found  that  this  power  depended 
solel\-  on  tlie  valency  of  the  metal  ion.  Accordiiu;  to  the 
latter  \\()rkcrs,  ecpiivalent  feiiui-molecularj  solutions  ccintainin^ 
moiKivaUmt,  divalent,  and  tii\alent  metallic  ions  would  pos- 
sess, whatever  the  nature  of  the  anion,  coa^ulati\e  powers  in  tin- 
ratios  of  1:35:  1023.  As  pointed  out  b\'  Whetham  "  these 
numbers  ma>'  be  npreseiueri  nearl)'  b)-  the  f(jrmula  I  :  a  :  .f "'. 
Such  ratios  ha\e  been  confirmed  b)-  many  otlier  workers,  both 
for  neL;ative  and  positive  colliMds,  so  that  one  is  justified 
in  referring  to  the  formula  as  expressing  the  Sciiulzc  Linder- 
I'ictoii  law. 

in  the  biblioLjrapliN'  at  tile  close  of  this  ciiapter  may  be 
fumd  a  list  of  some  of  the  principal  contributions  to  tiiis 
piiase  of  the  subject.  We  ma)-  say  that  as  ;i  L;eneral  ruk-  tile 
Sciiul/.e-I.inder-i'icton  law  has  been  found  to  hold,  particiilarlj- 
for  tile  salts  of  the  li;;iit  metals.  Salts  of  hea\)-  metals  and 
man\'  org.mic  s.ilts,  wliicii  arc  aiisorijcd  in  substances  ■-- 
anomalously  large  aiv  unts,  siiow  a  correspundingi)-  an( 
aloiisl)-  large  coagul.-.tini;  power. 

M.ms  writers  iia'.e  siiow  n  that,  in  .-m)-  given  lase,  a 
cert.iin  minimiuu  ijuantitv  ol  electrolvte  mu^l  l)e  .nkk-d  to  a 
given  sample  of  colloidal  siilution  i)elor(-  an)'  ( o.ii.'ulalion  can 
set  in,  a-id  that  tiieii-  is  ,ilwa)s  ,1  time  i-lt  nunl  invii'vcd  in 
coai;ulation  such  tii.it  tlu-ri-  ni.i)-  ix-  no  appaic-nt  ( liange  lor 
some  iiour^  ami  tlu-n  sudc;   n  coagulation  of  tiu-  wlioli-  solution. 

.\  ciiticai  ex.-iminat-  in  of  tlie  results  of  co.igukitu  1  espeii- 
niciils  will  show  tii.it  <i>mpaiisons  bilvvicn  llii-  vvoik  o( 
dideirnt  persons  must  mil  be  too  rigid  b('(  au-.e  the  coagul.il  nij; 
pn\\i-i  111  .tnv'  givcii  eleiliol)te  vaiiis  gicatl)'  with  tlie  ti(-at- 
mcnt  III  the  ..iniple  used  .'Xs  sliovvn  i>)  tiie  woik  of  .Spring,' ' 
1-U'undli(  ii,' '  ii.ibci  and  donion,"  I'.nne,'  ( i.ilct  k  1.'''  ,ind 
otiui-..  tiu-  ijui-.tmn  a-  to  vvlictlier  a  given  i  oiu  entiation  ol  an 
cieiliiilvie   vv  ill  pii  m1u<  i:  1  oa;;ul,ition  1  ■!     not    di  pt-iids,    vvilhiii    ,1 
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certain  raii;:;c,  on  how  the  electrolyte  is  adcled,  e.p;.  slowly, 
(hn|>  by  drop,  or  rapidly,  with  very  {gentle  stirring;  or  violent 
stiriin;;,  etc.,  and  on  ho\s  the  mixture  is  treated  immediately 
after  the  addition,  c/j;.  whether  shaken  vioIentl\',  heated  antl 
then  cooled,  heated  fur  some  time  at  the  boiliiii;  point,  etc. 
Naturally  we  ma)'  suppose  that  each  experimenter  carries  out 
all  his  observations  under  siinilar  conditions,  and  consequently 
that  his  results  ma\-  be  compared  u  ith  one  another,  althouijh 
tlu'  numbers  determined  by  one  worker  ma\'  not  a^ree  entirely 
with  tho-^e  found  by  another. 

Recent  wnk  by  Mines  ''support^  the  \  iew  that  emulsoids 
ma\  idtimatelv  be  included  under  tlie  same  law  as  the  sus- 
pensoi(k  if  the  value  of  x  in  the  foiiiuda  1  :  x :  x-  be  taken 
ver)-  nuu  li  larj^^er  than  in  the  case  of  the  latter 

_*.  /;/.  •(//■.'/•,'■//, //(  (■//(•( /.v  ('/  iid'hil  clciti  .ilvtcs.  -Jevons  (irst 
su^f^'este<l  th.il  the  coai.;ulatin^'  .iction  (d  I'leclrolj  les  w,is  due 
to  the  neulrali/.ation  of  a  charge  possessed  b)'  the  particles. 
1  lardy  found  that  j^lobulin  solutions  were  most  easil)-  oia^ulated 
at  the  point  where  their  char^'e  was  zero,  i.e.  at  the  time  \\hrn 
they  showed  no  motion  in  an  electric  tield  (the  isoelectric 
point  .  I'dllowini;  llard\'s  suj^tjeslion,  I'xperiments  wcie 
t.ii  I  ied  out  b\'  tile  .  iter  '^  to  determine  the  inlluence  of  added 
elec  trol\lev  on  tluj  mtd)ilities  of  the  partick's  of  ^'old,  silver, 
and  (.oppcr  Hredi^'  solutions. 

MilliUr,''  in  makini;  similar  exjieriments  on  colloidal 
solution-,  of  platiinun,  men  urv,  silver,  lyld,  and  p.illadium,  to 
whiili  iu;  ,idded  i^iaduall)'  iui  reasin^;  .iniounts  of  \arious 
eiei  liolytes,  ton  iil  that  the  mobility  ol  tin-  paitick  j;iaduall)' 
di  I  reased  ,uid  eventuall)'  chan,;ed  its  dni-(tion,  showiii;;  that 
even  the  si;;n  ol  the  char^^e  was  chanj^ed  by  the  addition  of  the 
electrolyte.  1  le  ailiied  ^{clatinciind  urea  to  his  solutions  in  order 
to  pii'vent  ( o.ijMilation  W'hitnev  .ind  HI, ike  '  disa^iee  /;/  AiA) 
with  the  conclusions  of  Mdliter,  and  fail  I  reproduce  his  results 
with  colloidal  solutions  o|  j^;old  ,ind  platinum,  tice  troin  (gelatine. 
They  assign  Hilii'er's  (  h.uij;e  in  the  dm'<  iioii  ol  ini|.;ralioii  to 
the     dis-,ol\id  .itine        in     the     lollowiin;     cs  pel  lliunts    the 

addition  ol  lr,.i  ,  of  \  .iiioiis  -,,ilt-.  to  i  olloid,il  solutions  of  ^old, 
Slivei ,  .iiui  Lopp^i      \\iii\oiu    iin-  .niiiiiioii    <ii    .1    iiiii<i    siiitsiaiicc 
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SUCH  as  L,n-latinc  or  urea)  bi(iii;_;lit  about  in  eacli  case  a  clian^e 
ill  tlie  (iirectidii  nf  tlie  iniiMatioii  (if  the  particles  in  an  electric 
field. 

Siiu't',  ill  tile  case  <if  l;o1i1  ami  silver  solutions,  [hn  ])articies 
are  iiei;ati\(ly  ( !iarL;e(l,  while  in  copper  sf)l  the  particles  are 
positivly  rhai:;eil,  the  puteiit  ion  in  the  former  solutidiis  -should 
be  the  metallic  p()siti\-el\-  chari^ed)  ion,  ulierea  >  the  ion  coa- 
l^ulatin^  the  copper  |)article  should  be  that  hoin  llie  acid 
r.idicle  i.e.  net;atively  cbar^'ed ).  'J'he  results  of  e\pei  imeiits 
on  i;old  and  -.iher  will  be  iMveii  separately  from  tliosi;  for 
ci'pper. 

'I'lie  solution-.  Used  were  pre|)ared  in  jiure  water  by  Hri'dij.;'s 
ilictrical  inetliod,  and  tlie  mobilities  were  measured  asalread}' 
d<'scribed    p.   1  S I  ). 

In  each  case  silver  ami  i^o'd  solutions)  the  mobilit)-  was 
measund  for  the  pure  solution:  \aryiiij;  (luaiitities  of  alu- 
niiiiium  siilpli  ite  ucte  then  added  to  (resh  samjiles  of  the  stock 
coll  ,idal  solution  ami  the  iiiobilitv  ai;ain  incasureil.  .A  luiiiiniuni 
sulph.ile  was  used  bei.iusc-  the  metal  ions  bein;.;  tii\alent  ha\e 
a  laiLU-  coai^ulative  [)ow-er  ;  if  thi'se  ions  in  pidducin;;  (oa;.;u- 
lafion  do  (hminish  tlu' t  haii^e  on  tht- |i  nticles,  a  \cr\- small  ad- 
ihtion  of  aluminium  ions  should  havi'a  perceptible  eltei  t  on 
the  mo!)ilit)  of  the  particles,  u  hile  at  the  same  time  tile  s|)ecitic 
mmliii  li\ity,  and  (diiseiiuently  tlie  cm  rent  throuj'.b  the  cidloid, 
is  small. 

•OdiN  aluminium  sulphate  was  aiKled  drop  b  Irop  lo 
some  pi  I  .1  ,  oj  liu-  ■olldid.il  solution,  the  w  lloli  Will  mi\ed 
and  llie  mobility  measined,  i  a(  h  ispriiimnt  w  ,is  coinpli  h  d 
III  111'  course  of  two  hoins  ,iflei  .uMin;;  the  il((  troh  te.  In 
lablis  X  .\  I  I  and  \\lll  lIn  mobilities  coi  icspondiii-  to  the 
\  ai  loll ,  weights  o|  aluminium  I  Ml  kki  c,i  .,  of  ( dloidal  solution 
an-  :;i\  en  .  a  ;;ia<liial  circreasi'  in  the  mobililv  and  final  rev ei sal 
ol  direilion  is  shown  in  eaclic  isc.  |  he  po>iti\c  si^;ii  in  t  he 
m"bilit\   lolumii  indii.iies  motion  of    the   p.ntiiles  touaid  the 


S.imples  cj' f,ii  li  ,.t  !|..  .oliilioi,  ,  lo  w  hu  li  thi  I'lec  trolytc 
li  id  b(  I'll  idiled  wen-  in<  lo  ,c,|  in  ti  ,1  liibr  .  .md  tin-  lapidil  \  of 
Coagulatiun  ob;scrvL<i.      \\  .iii  tin    ..ivii,  ,,,iuiioi(  no.  j  (.o,ij;u 
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lated  witliin  a  lew  Ivairs,  no.  3  h.^d  settled  sli'^luly  after 
staiuliiv^f  all  nii^lit,  wliile  no.  4  took  loiii;er  tf>  coagulate  tlian 
111).  3.  With  the  ij'ild,  solutions  no^.  2  and  1  both  coaL;ulated 
at  tlie  end  of  a  few  iioiirs,  wliile  no.  4  liad  not  completely 
coaf^ulated  after  standini;  for  four  days,  in  each  casetlu-  pure 
solution  was  st.ible  indefinitcl)'. 

lAlU.i;   \.\II.  -SII.VI.K  SOl.fllON. 
Amount  ul '-iUer  per  km  c.c*-.       0"5  tn:;s. 


No. 


(irriv.   nf  AI.  pet 
ii<o  c.ca. 


I.(    X    III     '• 

77  X  10" 


Spec.  LOiidutlivity 
of  holulionai  18"  C. 


2S'5    V    lu    " 

3(>'3  X  10   " 
J 10  X  10    " 


Mol)ilii\  .It  1^    t. 


-  aa'4  X  10- ' 

-  T?.  X  10   -^ 
+     S'f)  -^  III 

+    IJ-8    .  in    ■■ 


T.Mil.l.   X.MII.      (.1)1.1)   SOI.fridX. 
,\'nniint  nt  ^;i»Iil  per  I"fi  c.cs.        (r .'  Iiii;s. 


».  I  inn  ■,  (4  Al,  1  tr  Spi't .  toiHlti- lu  m  v  m    i   1.     ,,     .     c 

'^"  ..«...:.  ofwlufun.l.h    (,.  Mul,.l,u,t,N    L. 


11)      ^      III        ' 

3li  N  10   " 
63  X  10  " 


3'f)  X  JO  " 

yi  X  10  " 

6-6  X  10" 

ir6  X  10  ' 


-  3.?     >■  '"  ' 

-  17M    X  1(1 

+      17   X  10  ' 

+  lys  >  111  ■■ 


Thesi'  le^ulU  |ioint  i|uite  clearly  to  the  cxisteme  of  .m 
i-oelectiii  point  fu  -.uili  solution^,  for  it  i .  qiiite  app.irent  that 
till'  p.iitirli;  p,c^M>  IhroU'^h  a  -tatr  ol  m.ixinnnn  in  .tahilil)-  at 
tile  time  when  n  >  ch.iri;e  r.  (.Iiani^iiij^  liom  nej^.itivi'  to  positive. 
I'l^ine  I'l  illu-tiale.  the  p  ailts  recorded  in  lahle,  .\  \  1 1  and 
Will 

A  very  >ti  ikini;  re  lilt  o|  the^e  experiment-,  i--  t  he  l.n  I  t  hat, 
after  p.issint;  thinuj^h  the  i-.oeleetiic  point,  an  incici^e  in  the 
i|nantily  of  electmlyte  added  pindtice-  an  iniie.ive  in  the 
st.diilits  111  the  solution  When  th-  nui  nte^t  tra<  e^  ot  .ilmniniuin 
sulphate  aie  .iddrd  |o  the  lolloidal  Milution,  it  appear^  that  all 
ol  I  hi  .iluininnnn  ioii .  "o  to  dei  1  e,i  .•  the  1  h.ii^;i-  on  tin  p,ii  lit  le, 
.tnd  \\  hi  II  .ilinuMiinm  I  '  added  mi  i|u.nititii'  |ii->t  su(ti<  ient  t<> 
lleutlali/.e    ill, it    I  liar;e,  to.i^ulat n m    ol    the    p.iitiiles    is    lllu.t 


1 5 2    /•// )  sfCAf-  /'A't !/•/■' A' rn:s  ( »/•■  (•<>/./.( )//)a/.  siy. i -noxs 

r,ii)iil.  Wlien,  lioucvcr,  the  electrolyte  is  added  at  unce  in 
excess  of  this  (luantity,  tlie  particles  act  as  absorbers  of  the 
metallic  ions,  and  the  charge  on  the  particle  is  thus  chant;ed 
at  once  from  ,i  lar^^;  nc|4ati\  e  to  a  lart^e  [)ositi\-e  one;  tiiis 
jiositive  charge  on  the  particle  induces  tlie  same  stat)i!i/.in{j; 
elfccts  as  the  ne:;ati\e  charge,  and  so  maintains  the  colloidal 
liarticle.  \n  tiic  state  of  fine  subdivi-i.  .n. 

A  more  complete  serie-.  of  similar  experiiiH'iit  s  were  car- 
ried (lul  on  the  co|)per  colloidal  solutions.  Tlie)-  deal  with, 
first,  the  effect  of  solutions  of  two  salts  lia\in^r  the  same  acid 
r.idical   ami,  respectively,  a  monovalent  and  a   trivalent  metal, 


yflllLrri^us  .   1  '; 


1    1...     Hi, 


\  i/.  pntav,iuin  -ul  ph, lie  and  alimiiiiliim  Milphalc  ,   and,   .i<nndl\, 
the  (■t(,'(t   Mf  -.MluthHls  ,,{    s.ilt.,  h.ivjn...   the  •.am.-  i;'-t.d    i.ni  ,,ud, 
rcspei  lively,  mono\alent,  du  aK  iit ,  and  1 1  i\  aKnl,  at  id    ia<li<als, 
\i/.    pota^-nnn    i  lil'Midc,  potassmm    -ailphatr,  p,  i.issunn    plios 
IiImIi-,  .ind  pulas  nun  feriics  ailide. 

A  t\  pii  ,il  sei  its  I.I  i.'spei  imciUs  mii  the  itlet  I  <>i  i  .u  h  ..f  the 
<■''■' tnilvtes  was  as  Cillnus:  Ihc  mol)ilit>-  of  the  paUuhs  in 
the  pure  loppcr  solution  was  first  taken,  .qraihiaily  iiu  rt-asin^ 
ipi.inl.iies  ut  'he  cho,,',,  .■l,vtr.!ytir  s,,hiti..ii  weo  thi  n  added 
'"  li'-.h  sampl,-,  (,|  thr  ..fnk  ..ippcr  snlnt  |.  m  and  tlu-<oiic 
sliouiliii^'  inMbihty  in.   Lined  ca.h    time.       1 'u-  measiirem    nt.il 

one      mo!lllllV      \l.lv      !!sl...!!v       i!.!!!!l'      •■.■■.\     ^l  :!!::::      ,:::.-      \:...:.       ...       :!..- 

.id.|iti..ii  ..f  the  c'lcclrolyle. 
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111  onlcr  to  illustrate  the  relation  between  the  number  of 
in..Icculcs  of  the  various  electrolytes  added  |)er  c.c.  of  tlie 
copper  colloidal  solution  and  the  resultin^^'  niobilit)-  vA  tlie 
clipper  particles,  all  of  the  results  ire  brouj^ht  to|^'ether  in 
lable     XXIV    and     illustrated     in    the    curves    in    Fi^'.      17. 


t  oluinn    II   ^n'\is  the   normalit}-,  in  resjject  of  the  electrolyte, 

1  Alil.i:  \\l\  ..  -KI.I.A  riON    Hl/r\Vl  I  N   TIIH  NI'MRI'R  Ol'  Nl-.(i.\TiVI' 

IONS  .\i)i)i;n  I'l-K  L.c,  TO  Tin;  coi'Pick  coi.i.oinAi.  soi.r- 

1  IONS  AM)  THl'   Ki;SLI,TINO  MOlilLllTHS  OF  THL  I'AKTICLLS. 


1 

1 

Numi)crs 

prOfior- 

Solution. 

Nonnaliry 
Rr.mi-mol ..  per  t.c. 

11011.1 1 

number 

:o     ihe 

i)f  inns 

Moluiiu 

at 

.0   C. 

per  .A 

(irm.- 

lOMs  per 

L    L. 

Kll 

, 

0 

0 

+  -T'J 

\ 

io-» 

i 

i7-(. 

V    III    '■' 

i7'(i  >( 

Ill      " 

+  •'S? 

\ 

10^* 

.1 

(H-u 

•   10  " 

3,S-o  v 

111      " 

+  ibi 

X 

lo-' 

■t 

7f" 

V    II)   " 

7f<'  -^ 

1(1    ■" 

+    22-H 

X 

I0-* 

5 

'3r" 

\    III    ■' 

'5f"  ■ 

10      ■' 

+  iK-7 

X 

:o-» 

1;  so 

1 

(1 

(1 

+  -i.S'l 

i()-* 

- 

77 

•  III  " 

77   • 

III      •' 

t    -'.SM 

X 

10  • 

f 

\iyi 

V      III      " 

ii)j    ■ 

111      'i 

-t    24'" 

X 

10  • 

1 

s-^  \ 

A  111  '' 

,s  .,   ■ 

10      '■ 

■  .u-h 

A 

10  -» 

5 

r,(,„ 

-     Ill    '' 

(;(»'(i   X 

111      '■ 

(    Ml 

III"* 

(j 

1.1  VII 

■    111  '' 

i5.ro    • 

1(1      « 

(I'll 

111  * 

Al  (SO,), 

1 

II 

ti 

'   'ii 

111  "* 

i 
S 

1"' 

•    10   '• 
■    111  '■ 

III      •' 
111      " 

III  * 
III  » 

1 

^^i 

■    111  " 

51-9  - 

10      '■ 

+  1^-5 

III  '* 

K  ro.. 

1 

0 

11 

+  ^Sl 

111  * 

i 

.»f' 

>.    lu    " 

Vfi    ■ 

III      '' 

-t    -'ri; 

III  • 

,1 

t 

7'-f 
•It 

.    10   " 

^    1(1    " 

1'  '    ' 
Ml    • 

III      " 

III      " 

.    ids 
•t    CI 

111  ' 
111  ' 

■i 

i\h 

.    Ill    « 

•ifi    » 

|r.      1 

y^ 

111   • 

(1 

.(•'■^ 

.     HI    '■ 

_,J-,S     ^ 

in     " 

; ') 

X 

111   ■■ 

i.'i  'i  ■.,1., , 

I 

II 

,, 

+  S>'-\ 

In     * 

I 

ViS 

111     " 

VI   X 

io-« 

+  Mil 

III     * 

s 

7'"i 

^      111      '• 

'I'.i    X 

io-« 

+  .r-' 

^ 

lu    ' 

1 

107 

.      1(1      « 

JI4   X 

10     " 

+  10 

X 

1(1-* 

s 

•ft 

'     10     " 

i«ft     .X 

10    " 

••5 

X 

IO-* 

fl 

•"■4 

^   111  " 

M-.H    . 

III    " 

||  I 

III   ■■ 

il     til      inistiui 


l!i. 


>i;.ii(i 


till'     elictl(il\  te,     i.e. 
■alt    per    »  t.    of    the 


till'  nnniliiT  ol  ipaiii  ii.olcrulcs  ol  \\ 
iiiix'mr  Ai  ((irdui),'  to  the  aurpted  ilissoci.ition  tlicor\'  \vc 
iiii\  look  upon  ilu-  ,ilts  in  ihi-se  cNticmcly  dilute  solutions 
as  bouiv;  1 -lupletcly  !■  mi/ed,  and  -,o  ihr  noiinalityas  defined 
above  uill    be  ilirc(tl\-  projiortional    tn  tin-  nuinber  ol      .iii/cd 
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iiiolcciiles  of  tlu;  |>,ii-ticul;ir  salt  per  c.c.  However,  if  we  are 
to  compare  the  ett'iciency  of  \aiious  ions  in  discliarLjiiij;  the 
colloidal  particles,  we  must  (lediicc  iiiimbeis  directlv'  propor- 
tional to  the  number  of  siuh  ions  per  cubic  centimetre.  l'"or 
e\am])le,  taking;  the  al)o\c  detinition  of  n(jrmalit)-,  wi:  may 
look  u|)on  ,1  1  V  |(i  'normal  solution  of  jiotassium  pho'-pbate 
as  coiitainin^^  the  same  number  of  molecule^  as  the  number  of 
molecules    of   potassium    ferric\-anide   in   a     ^    x   lo    "   noiinal 
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'olulioii  of  pota--.imn  fen  ii  \  ,inide.  I'ml  the  kilter  ^-'iitlon 
will  t  out, liii  t'Ancihi-  number  of  l'\(\-^  ion-,  ih.it  the  firmer 
coiit.niis  ol  r()^  ion-..  (  on  ,r(|ucull\'  in  C'olumn  HI  ,nc 
wiitten  the  nuiiiin'i-,  ih'icitly  proportioiiai  to  tile  number  of 
acid  r.idic.il  ion.  pre-.ent  per  t  ubii  i  cnt  iinetre  ;  of  courM-, 
Iho-.c   nimibets   oppoMtc    .ilumniiiim      ulph.ile    .nid    pol.issiinn 

<  'lunri  ill  llv  l.ct  colimni  ,iie  (  opicd  the  vai mus  moiiilitics 
in  1  m^    pi  r    ^t  c    pi  r  volt  pi  i  i  m 
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rile  curves  iii  Fi;;.  17  are  drawn  with  the  mobilities  as 
abscissa;  and  tile  minibers  proportional  to  tlie  number  of  icjns 
per  c.c.  as  ordinates.  The  \cr_\'  marked  o\erla|)piiiL;  of  the 
t  iir\es  for  potassium  phosphate  and  potassium  ferric}anide  at 
once  sii  'oesls  the  fact  that  the  two  ions  I'C),  and  I'eCy,,  iiavc 
tile  'ame  power  of  reducini,'  the  mobility  of  the  copper  particle 
and,  therefire,  of  |)roducin.Lj  the  coaLMilation  of  the  copper, 

AlthoLi^'h  the  experiments  on  aluniiin'iim  sulphate  were 
n'>t  carried  (nit  as  lar  as  tiiose  on  ])otassiuin  sulphate,  never- 
theless the  correspondiii;^'  curves  show  a  remarkable  coincidence 
in  the  rei;ion  C(jmmon  to  the  two, 

1  hese  latter  tun  curves  have  an  additional  impoitince  in 
that  they  show  that  the  action  of  the  SO,  ion  i^  pra.  tically 
independent  of  the  metal  i<ni  Since  aluminium  i-^  trivalent 
and  pota-^sium  monovalent,  if  the  met.il  ions  exerted  an>' 
marked  innueiice  on  the  copper  jiarticle,  we  should  rxjject 
these  two  cur\es  to  !)e  \er)-  fir  apart. 

.\L^ain,  coinparin'^'  the  live  curves,  <Mie  ha-^  the  \er\' 
stron;,^est  eviilence  of  tlie  i^reat  differences  in  llie  |)Mwer>  of 
monciv.ilL'nt,  divalent,  and  tri\.ilent  acid  ions  to  reduce  the 
mobility  ol  the  positively  char^a-<l  copper  and,  conse<iuentlv,  to 
produce  coa;4ulation,  I'^xamination  of  tlv  UM'\es  will  sh(jw 
that  the  ini'i)ility  re-.ults  indie, ite  tliat  the  ratios  of  the  powers 
ol  wiiinus  ,icid  ions  to  re(hice  tlie  mobility  of  the  copper  par- 
ti(les  are  not  \er_v  far  removed  hi-m  the  observid  ratios  of  the 
pi)wci'.  ol  the  s.mii-  ions  to  produce  coai;ulation. 

Ilaoly  su;45;ested  tiiat  (  oa;.Mil.ition  by  electn  j!\|.  takes 
pLue  thus:  the  partiiles  li.ive  their  charges  neuti.ii  d  by 
the  ,ili.(]i|itiiHi  lit  liu' oppdsiti-ly  (.harmed  ions  t  if  an  I'leclrol)  ti( 
snlutiun,  and  at  the  isoelectric  point,  where  the  cliarije  be- 
comes zero,  the  colloid  t  c  i,i;.;ulates  hi  illow  in^  out  tins  ide.i, 
W'hetll.nn  "  has  ^i\en  an  t-xplanation  (if  the  remaikable  \,ilenc_\- 
rel.itions  (il  the  ( (iai;ui.iti\  e  powers  dl  elei  tiol)  tic  sdhilioiis. 
( 'n  tile  'ipjK-sitioii  "lh.it  in  order  to  liiodiui  tlu'  ,i;4i;iei;,ition 
"I  iiilloiil.il  paiti(les  w  hii  1)  (  (Hist  itiiti  s  1  iia!;ul,itioii,  a  ( iitain 
miiiiminn  ell  I  till  .t.iti'    (h,ir.;eli,i,   to   bebioiii'ht  withiii  icuh 


>   't  I  I  M  I  l»    I  I  >   '  I  I 


^villi  a  certain  miniinum   iteiiuemy  llnou^hout   the  sulutiuii," 
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ho  deduces  that  tlie  cna^ulativc  powers  of  eciuivalent  solutions 
coutainini;  monoxaleiit,  divalent,  and  trivalent  ions  respectively 
would  he  in  the  ratio  of  I  :  .r  :  .r '-',  where  .r  is  an  arbitrary  con- 
stant If  i-  i'^  put  eipial  to  \2  this  ratio  rejjroduces,  in  a  wonder- 
I'ullv  exact  \\a_\-,  the  e.Nperiniental  numbers  of  Linder  and 
I'iclon  ;  tile  results,  calculated  and  observed,  are  respectivelj' 
I  :  ,^J  :  \02^  and  1:35:  \02},. 

CorrelatiiiL;  }Iard)-'N  results  with  tlie  1  ,ii)|)niann  phenome- 
non ret^ardint;  the  connexion  between  surface  tension  and 
potential  difference,  Hredii; -'  su^^t^ested  a  very  plausible  tlieory 
as  to  the  [)recise  causes  brinijin^  about  coat^ulation.  1  he 
sui  face  tension  of  mercur_\'  in  contact  with  an  elec  trol_\'tic  sulu- 
tiiin  reaches  a  maximum  when  tlie  potential  difference  between 
the  two  phases  is  zero.'  If  we  assume  that  the  colloidal  particles 
are  kept  in  their  state  of  fine  subdivision  in  the  liijuiil  medium 
h_\-  the  surface  tension  between  the  p.irticle  and  li(iuid,  then 
anvthin;^  \\hich  tends  to  decrease  the  jiotenti.il  difference 
between  the  particle  ami  the  licpiid  will  lessen  tlie  force  o])pos- 
in;.;  surface  tension.  .Such  le^senin^  of  the  potential  ditterence 
is  br(>UL;ht  about  b)-  the  absoijilion  by  the  particles  of  ions 
be.uinL;  a  char;.;e  ojiposite  in  si^mi  to  that  on  the  particle; 
now,  as  the  surface  tension  effi'cl  is  increased,  tlu'  particles  teiid 
to  decre.ise  the  surface  exposed  to  the  li(piid  by  uinlin;;  with 
one  another  and  thus  brin;^  about  coagulation. 

V  AilL'ii  >'t diilro'vits  ill  tf,itr,>rH'/i>Kiii<<.u\  -The  intimate 
coiiiii'xion,  already  pointed  out,  between  the  motion  of  the 
Colloidal  p.irlicle  in  an  1  Icctric  field  ,ind  the  phenomenon  of 
eK(  tioeiiilosniose  has  led  t"  the  examination  of  the  elli'i  t  of' 
eleetro!_\tic  solutions  (dnt, lining  ions  ol'  diilerent  \.iK'ncii-s  on 
the  latter  plienoiiK'non.  I',xtensi\e  lescirches  on  this  point 
ha\e  been  carried  out  b)'  I'errin  -"  anil  h'.liss.ifof,-' 

IV'rtin  nieasureil  the  rate  of  tlow  of  a  eiven  liipiid  ihiou^h 
a  poidus  di.ipliraem  when  a  peitent:.d  fall  of  about  10  \olt> 
per  '!i  wa-^  maintained  across  tlie  dia|)hra^m.  1  he  various 
di.iphi  .i^niis  were  m.ide  ni  the  form  of  cylinders  about  rj  si|. 
cm.  cross-section  .md  Ipin  ii>  to  ij  ems  h'Uj;  by  packing;  tin 
iiiateri.d  in  a  ;.;la---  tube.  1  he  lupnd  was  drawn  l>>' tlie  cm  rent 
towards  one  or  othei  of  the  electrodes,  ilepeiidm^;  on  the  coni- 

'  See  note,  p.  188. 
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position  of  the  liquid,  but  in(lei)cn<ient  of  tliu  insoluble  material 
of  whicli  the  fliai)hra_fjin  was  made  ;  tile  substances  used  for 
the  [xirous  dia])liraL,nn  were  the  foUowinij:  aluminium  oxide, 
naphthalene,  chromium  chloride,  silver  LMoride,  barium  sul- 
phate, boric  acid,  sulphur,  salol,  carborundum,  <^e\  .tine,  cellu- 
lose, sile.\',  zinc  sulphide,  calcium  carbonate,  [rawilered  glass, 
barium  carbonate,  and  manganese  trioxide.  He  ftnmd  that 
only  ionizing  licjuids  (those  with  a  high  dielectric  constant) 
gave  appreciable  electro-osmosis,  and  that  of  these  licpiids  a 
medium  feebly  acid  gave  a  positive  charge  to  the  walls  of  the 
diaphragm  fi.e.  the  li(]uid  nuned  toward  the  [wsitive  electrode), 
while  in  a  me<lium  feebly  alkalme  the  walls  became  negatively 
charged,  the  licjuid  jjositively  charged.  He  tried  the  effect  of 
adding  various  electrolytes  to  each  liijuid  medium  and  found 
that  the  charge  given  to  the  walls  was  usually  diminishetl  and 
then  reversed  in  sign.  Particularly  strong  effects  were  shown 
by  the  strong  acids  and  bases,  and  In-  solutions  of  salts  with 
pol)valent  ions. 

"  The  electric  potential  of  any  wall  whatever  in  aqueous 
solution  is  always  raised  by  tlie  addition  to  the  solution  of  a 
monovalent  acid  ;  it  is  always  lowered  by  the  addition  of  ,i 
monovalent  base. 

"  Having  given  a  liquid  which  gives  to  a  wall  an  electrifica- 
tion of  a  certain  si-n,  the  addition  to  this  liipiid  of  a  jX'l)  valent 
ion  of  th«:  opposite  sign  diminishes  greatly  the  electrification 
of  the  wall  and  sometimes  even  reverses  tiie  sign,  the  electrifica- 
tion then  obtained  being,  howevrr,  generally  much  be!  -v  that 
given  !))■  the  ions  H  '  and  OH  .  Further,  the  infiuence  of 
divalent  ions  is  generall)-  very  much  less  than  the  infiuence  of 
trivalent  ion'-,  which  are  in  turn  much  weaker  than  tetrawdent 
ions." 

The  latti!r  statement  is  ;i  generalization  fiom  experinu'nts 
on  the  diaphragu\s  mcnuoiieil  aho\i-  with  the  followiii'' 
ele(iioJytn'  solutions  :  l.uithanum.  banum,  (ilcium,  and  cobalt 
intrates,  magnesium  chloride,  manganese  sulphate,  ai  id  potas- 
sium carboii.iti';  pot.issiuin  ferro-  .ind  fen  i  i  v  aiude.-.  acid 
pot.issium  phi>spii,ite,  oxalic  and  citric  .icids. 

Allliough  I'errin's  results  do  not  permit  us  to  ^dve  ilcfinitc 


1 5S   /'//)  s/CAi.  i'h'oi'F.h'/-/rs  or  colloidal  soi.r/ii  >x.\ 


mimhcTs  to  show  the  ratios  of  tin;  dischar^in;;  powers  of 
moiiovalciit,  divalent,  trivaleiit,  and  tetiavalent  ions,  tlie)- 
point  to  an  action  analo;^rous  to  tliat  in  the  coai^ndation  of  col- 
loidal particles.  In  a  manner  e.\actl_\-  parallel  to  the  latter 
phenomena,  the  positive  ions  in  salt  solutions  do  not  seem  to 
affect  a  positively  char^a-d  wall,  while  a  ne;^'ati\  ely  char_L,a-(l 
w;dl  is  not  affected  by  the  nct^alive  ions  in  soluticjn.  I'errin 
(le\i  lops  this  parallel  action  exliaiistively  in  liis  article. 

Recently  Klissafof  -•'  examined  similar  effects  of  salts  on 
the  electro-osmosis  shown  in  cai)iliar)-  uibesof  ylass  and  (luartx, 
placed  in  stron.Lj  electric  fields.  I'ure  water  moves  in  a 
ca])illar>  t  ^e  to  the  negative  electrode  ;  the  addition  of  elec- 
trolyte to  the  water  lessens  this  motion  and  often  reverses  it. 
In  this  action  the  kations  are  the  powerful  ai^^ents,  the  effect 
varying  rapidly  with  the  valency  of  the  kation  but  being  inde- 
l)endent  of  the  valency  of  the  anion.  Inorganic  salts  of  the 
light  metals  act  according  to  a  valency  law,  analogous  to  the 
Schulze-Linder-l'icton  law  for  the  coagulation  of  colloids.  In 
agreement  with  recent  work  by  Freundlich  and  his  co-work  rs 
on  coagulation,  Klissafof  found  that  the  kations  of  acids,  heavy 
metal  salts,  and  salts  of  light  metals  with  organic  basic  ion--- 
gave  abnormally  large  effects. 

Quite  recent  work  by  McTaggart-'  on  the  charge  jios- 
sessed  by  bubbles  of  gases  in  liquid  media  gives  similar  results 
f<'  he  action  of  ions  of  different  valencies.  l?y  varying  the 
ci  .position  of  the  aqueous  medium,  air  bubbles  can  be  made 
to  move  either  to  the  anode  or  the  cathode.  Hubbies  possess- 
ing a  given  charge  have  their  motion  decreased  and  then  re- 
versed by  aiiding  small  ciuantities  of  electrolytes  ;  analogous 
valenc\-  phenomena  are  i)re.sent  in  this  case  also.  The  ion 
bearing  a  charge  opposite  to  that  of  the  bubble  is  the  potent 
discharging  factor  of  the  added  salt,  the  action  -lepends 
entirely  on  the  valency  of  this  ion.  and  is  apparcntl)-  quite  iii- 
iJependent  of  the  valenc)'  oi'tiie  other  ion. 

In  view  of  the  parallelism  between  thesr  electioendosmose 
I'lk'its  .Tiu|  the  "'o.iiiju.l.iilix e  uowers  of  v.uioisK  icns  !!!:■!■;■  ■.•■.'.:• 
be  \er>-  little  doubt  ih.it  we  are  dealin;;  with  \ cry  closel\-  re- 
lated plu'nonien.i. 
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|.  I  /Inv  linosro/ir  i^l'Si-rvtitioii  ,J'  elci!i\>lvt:c  ndion. — 
Recent  <lircct  observation  with  the  uitraniier()sco])e  leaves  no 
doubt  that  tlie  addition  of  electrolytes  to  a  colloidal  solution 
causes  the  condensation  of  sma  particles  into  larger  ones 
which  easily  settle.  As  we  have  already  noted,  early  observers 
of  the  Brownian  movement — Jevons,  Gouy,  Spring — found 
that  cessation  of  this  motion  and  consequent  coagulation 
resulted  from  the  addition  of  electrol\-tcs  to  susfXMisoids.  The 
ultramicroscope  in  the  hanrls  of  Zsigmondy,  Cotton  and 
Mouton,  ^[aitc/.ov  and  others,  showed  tiiat,  on  the  addition 
of  the  electrolyte,  the  particles  in  the  sol  increased  in  size. 

Cotton  and  Mouton  - '  describe  thus  the  effect  of  adding 
small  -race-,  of  aluminium  sulphate  to  Predig  silver  sols  : 
"When  one  examines  with  the  ultramicroscope  the  flakes  con- 
stituting the  coagulum,  one  distinguishes  a  large  number  of 
brilliant  i  loints  crowded  closely  together,  and  the  idea  which 
suggests  itsell  to  the  mind  is  that  the^e  flakes  are  formed  of  the 
colloidal  particles  themselves,  which  have  been  brought  to- 
gether to  form  a  coherent  mass.  .  .If  one  allows  a  small 
(juantity  of  aluminium  sulphate  to  tiiffuse  slowly  into  a  .sample 
of  the  sol  (Bredig  silver  sol)  m  the  ultramicroscope,  one  .sees 
that  the  aspect  of  the  sol  is  changed  little  b.\-  little.  In.stead  of 
the  is^iated  points  of  light  absolutely  independent,  there  will 
be  seen  groups,  composed  at  irst  of  onl\-  'wo  or  three  points 
which  are  evidently  bound  togeth'-r.  If  one  waits  some  time, 
the  liumlx  1-  of  such  gn  ips  goes  on  increasing  while  at  the 
.same  time  larger  groups  i  sembling  strings  of  beads  come  into 
evidence,  ...  it  should  i^e  nphasized  tliat.  it  least  in  this 
case,  the  particles  are  not  stuck  together  and  do  not  touch  one 
another.  If  they  were  touching,  one  should  not  be  able  to  dis- 
tinguish one  fn>m  the  otiier  once  coagulatioi  has  set  in.  Not 
only  are  they  separ.ited  by  microscopic  distances,  but  they 
l)o-.ses-  .it  least  at  first,  a  certain  independence.  In  the  ;;roups 
formed  by  a  small  number  of  grains,  the  Brownian  motions 
which  still  persist  are  not  itlentical  for  the  different  grains  it 
is  undoubtedly  this  structi.  ■  u  liirh  Ic-ids  to  the  suoui'v  lUiki's 
of  which  the  coagn  :nn  ;s  usualls-  composed." 

A  new  phenomeno:   ;ias  been  brought  to  light  !)>■  the  e.xperi- 
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inents  of  Mayer,  Schacfter,  and  Tcrruiiit-, '"  who  wcikcil  >vith 
sols  of  gold,  silver,  platiiuim,  arsenioiis  sulphide,  and  ferric 
hydroxide.  They  find  that  the  addition  of  traces  of  alkali 
has  the  effect  of  increasing  the  size  of  -olloidal   grains  if 

the  colloid   is  ixjsitive,  and  of  decrea-  size   if  the  col- 

loid is  negative.      The  addition  of  tra'  .cids   produces  the 

reverse  effect.  Tliis  suggests  that  the  .son  alkalies  have  a 
stabilizing  effect  on  such  sols  ns  platinum  is  that  the  grade 
of  dispersion  is  made  higher  by  the  alkali  see  C.  Henry, '' 
and  Chassevant  and  Tosternak  '■"). 

The  results  of  recent  work  on  this  point  max-  he  sum- 
marized as  follows  (Reissig,'''  Wiegner,^"  Galecki,"  Oden  and 
Ohlon  ^-)  :— 

((i;  A  very  slight  electrolytic  content  causes  no  ajiparent 
lessening  in  the  number  of  the  particles. 

(/')  In  a  sample  of  colloid  to  which  small  quantities  of 
electrolyte  have  been  added,  the  number  of  its  sub-microns  ma\- 
increase  slightly  at  the  expense  of  its  amicrons,  although 
there  maj-  be  no  indication  of  colour  change  in  the  sample  (e.g. 
gold  sol). 

((■)  Tile  electrolytic  coagulation  of  colloids  wliich  contain 
particles  of  various  sizes  progres.ses  by  the  condensation  of 
small  particles  on  those  of  a  larger  size  and  not  b)-  tlie  coales- 
cence of  particles  of  equal  size.  The  larger  ultra-microns  act 
as  condensation  nuclei  for  the  smaller  particles. 

((/i  The  colour  changes  of  sols  (e.g.  gold)  which  accom- 
pany the  addition  of  electrolytes  run  parallel  to  ullramicroscupic 
changes,  in  that  the  size  of  the  particles  increases  and  their 
number  decreases  as  more  and  more  electrolyte  is  added. 

5.  C/i.i)/i;,:<  in  I'liysicil  piop,-rtics  ilitc  A'  dtitrolvlcs.— 
Apart  from  the  microscopic  observation  of  the  individual  par- 
ticles and  the  motion  of  those  [)articles  in  an  electric  field,  the 
physical  properties  by  which  the  coagulative  action  of  salts 
has  been  most  often  traced  are  (i)  the  colour,  (2)  the  viscosity 
of  the  solution. 

d  )  Colour  i//<i)/o;\'!. — These  changes  indicate  that  there  is  a 
gradual  increase  in  the  size  of 'he  inilividual  particles  in  the 
solution   in  the  earl)-  stages  ol  coagulation.     Distinct    varia- 
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tions  in  the  colour  of  samples  of  gold  and  silver  solutions 
have  been  observed  by  many  workers.  In  the  case  of  gold 
sols,  as  first  surmised  by  Faraday,-'  and  later  proved  by 
Zsigm(jiuly,'''  Gutbier  and  Resenscheck,^'  by  the  addition  of 
coagulating  reagents  the  colour  goes  through  the  following 
series  of  changes  :  refl,  purple-red,  red-violet,  blue-violet,  and 
deep  blue,  the  Tyndail  phenomenon  become,  more  and  more 
evident,  the  bolution  becomes  turbid,  and  finally  the  disperse 
[)hase  separates  in  the  form  of  powder,  flakes,  or  gels.  Carey 
T.ea,' '  and  Von  Meyer  and  Lottermoser ^''  have  traced  similar 
changes  for  si,  er  solutions  from  dark  brown,  through  browni.--h 
red  and  brownish  violet,  and  ':hen  to  a  deep  green.""  As  a 
usual  thing  other  solutions  become  simply  muddy  or  cloud)- 
without  any  distinct  colour  change. 

(3)  Viscosity  changes  during  coagulation. — As  noted  by 
Freundlich,"'  although  we  know  very  little  of  the  theory  of  the 
vi.scosity  changes  produced  in  a  medium  by  disv)lving  sub- 
stances which  give  even  molecular  disperse  (true)  .solution.s, 
still  "  as  long  as  we  use  viscosity  for  comparative  e.xperiments 
alone — for  comparing  different  qualities  and  different  sol.s — it 
is  of  the  greatest  value.  .  .  .  We  can  detect  (easily)  very 
slight  changes  in  solutions  by  measuring  viscosit)-. " 

In  the  main,  three  different  methods  of  measuring  the 
viscosity  of  colloids  .  e  been  used  :  (i)  velocity  of  flow 
through  capillary  tubes  (e.g.  OstwaUl  viscosimeter\  {2)  loga- 
rithmic decrement  of  an  o.scillating  disk,  (3)  torque  on  concen- 
tric cylinders  (e.g.  Couette's  apparatus  ^'■').  These  three  methods 
do  not  in  general  give  rigidly  concordant  results  on  account  of 
the  variations  in  the  distribution  of  the  shears  in  the  liquid 
layers  (see  Garrett,'"  Hardy  ^'),  Various  writers  have 
jiointed  out  the  many  complexities  present  in  colloidal  solu- 
tions which  will  affect  the  value  of  the  viscosity  :  the  promi- 
nence of  different  elements  affecting  the  viscosity  will  flepend 
on  which  of  the  abo\e  methods  is  used  for  the  determination. 
These  various  contributing  circumstances  may  be  enumerated 
;is  follows:  tlic  in.ternu!  friction  of  each  of  the  several  uh-.H-ses. 
the  surface  friction  of  the  internal  surfaces,  the  surface  tension 
of  the  internal  surface.s,  the  density  of  the  electrical  charge  at 
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tlic  internal  surfaces,  the  shape  of  the  particles,  the  nature  of 
the  surface  of  the  particle  as  to  the  absorption  layer,  and 
probabl)'  the  de^rree  of  flispersion. 

i'liiistein  '-  first    develiipel    a   theoretical    formula   for     th» 
viscosity  (»;, ;  of  a  suspension  of  ri^dd  spheres  in  any  liquid, 
terms  ol   the  viscoiit_\'  (»/    of  tlie  pure  lii]uid   and   the  ratio  (',   ■ 
of  the  volume  of  the  matter  sus[K,'iiilefl    to  the  volume  of  tin 
medium.  \i/.  :  — 

u-here  X-  is  a  constant,  'i'he  value  of  the  constant  /■  has  been 
calculated  by  man_\-  workers  to  be  from  i  o  to  475  ,see 
Kiustein,'-'  Hats-hek '';  and  e.\i)erimentally  tested  b\- otliers 
(i^ancelin,"  Harrison,'  h'reundlich  and  Ishasaka  ',  for  suspen- 
sions of  rather  lar.-^e  particles.  The  values  for  /•  found  e\i)eri- 
ment  ill\-  var>  over  a  lar^^e  raii^^e  even  for  the  lar^vr  i)articles. 
\\hile,  in  the  case  of  small  jiarticlc  in  suspension  (Oden,'" 
Woudstra  '~  ,  the  line.ir  law  e.\pressed  in  the  above  eciuation  is 
dejiarted  from.  However,  a  rii,nd  experimental  test  is  almost 
out  of  the  (juestion,  first  on  account  of  the  fact  tiiat  tile  formula 
is  dcvelo[)ed  for  the  case  uf  smontli  -.plieres  in  suspension,  and 
secnndl)-  from  tile  11  ■ccssity  ,,|  obtaiin'n^'  e.\actl>  the  \olume  of 
the  dispcr-^e  phase    not  merel\-  tile  \vei^;ht. 

in  an)-  case,  the  above  formula  will  api)l\-  onI\'  to  solutions 
containin;^'  particles  whicli  arc  not  -leformable,  and  wiiicii 
amount  to  coiisi.ler.ihly  less  than  v>  per  cent  of  the  total 
volume  of  the  Mstem  ii.itschek  '  has  dedn.rd  a  cmpU'ti'ly 
ditairent  tormul.i  tor  the  \,niation  in  the  \iscosU\  of  the  emui- 
soids. 

However,  entirel\  .ipai  I  from  theoretical  consii  •,  ati^ms  as 
to  the  \,i\\  .  j.;.i\i'rnin^  tlie  chani;es,  sui  ii  alteratio  ■.  in  the  vis- 
co,it\  w  ill  ,d\,;iy-,  indicali'  some  correspondin;;  clian^ein  the 
soN.  W'ouilstra  '"  has  tiied  the  effei  t  of  addniL;  electrolytes 
to  solutions  of  silver,  leinc  livdroxide,  .iinl  ihroninun  hy.|i(..\ 
ide  ;  Ik-  found  an  ultim,ite  slight  in.  reasc  in  the  vi  cosit\'  due 
'"  additions  o|  eir,  tiohte.  r\rn  in  'iiL-mti''.  insufficient  to 
laiiM-  .in\-  me.i-.in.ible  v.in.ilioii  in  Mu  MMosity  of  pure  water 
"I'-'i  -I'ldid   to  It.       1  hen    !.  Ill  ins  work  the  su-t.;estion  ol  the 
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stronp;er  action  of  the  ions  of  hi^'her  valencies.  iMcundlich 
and  Ishasaka"  have  made  unique  use  of  viscosity  changes 
in  rneasui-in;4  the  rate  of  coagulation  of  ahuniniiim  liyfhoxide 
sols,  and  here  again  the  valonr\-  of  the  active  ion  is  important. 
.Although  there  iias  been  an  immense  anioutit  of  work  done 
on  the  viscosity  changes  of  ,^uch  sols  as  blood  and  rubber 
solutions,  no  ver\'  settled  conclusions  have  as  vet  been  arrived 
at.  1  lie  whole  question  of  tin:  interrelatinn  of  viscositj-, 
mobilities  of  ions  and  particles,  and  electrical  conductivity, 
bristles  with  unsolved  difficulties  '.see  Hardy,"  .McHain,^' 
OstwaKl  '"  and  I'auli  ■'  . 

<'\    I'l!!^  cntraiih-l  hv  t.'ic  uhi^iil/iiii. — Wh-n  the   phenomena 
of  coagulation  was  first  studied  from  a  chenu'cal  point  of  vicv, 
analysis  of  the  coagulum  (precipitate  showed  that  the  latter  al- 
wa\'s  *  absorbed,  during  the  process  of  coagulation,  a  portion  of 
the  electrolyte  in.strumental  in  (jniducing  the  change.      Crum,-' 
as  early  as    1S54,  found  that  in  the  coagulatioii  of  suspended 
alumiin'um  h\(!roxide,  the  coagulum  alwa>s  containef!  small 
(luantities  of  the  acid  or  sa  .  necessary  fur  the  coagulation.      In 
their  exhaustive  study  nf  colloidal  solution  ^  as  icpr;>ented  bv 
metallic  sulphides,  Linder  and    I'icton  ''    found,  in   the  case  of 
the  coagulation   of  avsenious   sulphide   particles  1      \e  ,  by  the 
addition  of  barium  cliloridi',  that  the  coagulum  carried  down  a 
distinct  amount  of  the  metal  ( -f  ve  ion    hut    none  of  the  ai  id 
nidicle.       That  this  ])orti.)n  entrained  was  intimatelv   bound  up 
with  the  coagulum  was  demonstrated  by  the  tact  that  l)y  digest- 
ing the  coagultun  noted  above  with  other  metallic  solutions,  c  g. 
amnion  ui,i  chloride,    the  entrained    nutalion^    barium)  could 
be  re|)la  ed  entirely  in  the  course  of  a  few  davs  bv  other  iiutal-, 
I.'.,:  aminonium.       This  s.mie  work  w, is  ((intuined  and  extended 
by  Whitney  and  Ober,'    who    showed,    in    addition,   that    the 
amoinits  o(  the  i.ietals  calcium,  b.irium,  stroiitnun,  and    potas- 
sium entrained  t>y  ih,-  coagnlum    from   the    ame  amount    of  a 
given    tolloiil    ueri     exactl)'    proportion.d    to  the    c(|ui\,ilent 
weights  o|  ihcM-  mrtals  (electroi  hemic, il  equivairnts).      Whit 
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and  iihiiirflum  tor  Ihc  volume  phinnin.  11. mi.     W  <■    li.ill  us,  „hi,>rpti,n,  .iloiic  as.  il 
iKpr.ictit.illv  iitii  O'-Mtitr  lo  l^c^l'  tin   lu.i  |,|i,  niiiiicii,i  disunil 
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iicy  anrl  (Jber  were  ablet.)  assign  to  the  c(iaf,ai!um  the  formula 
Ha  .  90  (As.S;,),  which  tends  to  substantiate  tlie  claim  tliat  we 
are  here  dealint;  with  complex  tliemical  combinations. 

Sprini;  '  studied  the  action  of  electrolytes  by  observini; 
the  ditUision  of  the  electrolytes  from  a  strong  solution,  e.g. 
copiJir  sulphate,  into  a  supernatant  layer  of  the  suspensoiri, 
e.g.  mastic  sol;  the  layer  of  co|iper  suljihate  at  the  surface 
of  contact  was  robbed  (jf  its  cop])er  wliile  the  \u\u\>\  at  this 
level  showed  the  presence  of  sulphuric  acid.  .Similar  results 
were  also  found  with  various  metallic  chlorides;  Spring  as- 
cribes this  phenomenon  to  h_\-d>-o!\sis  of  the  salts  in  solution 
and  absorption  of  the  metal  ions  by  the  colloidal  i)articles. 

Duclau.\'s'''  explanation  of  the  abs:orpti(>n  of  the  ions  of 
the  precipitating  electiolyte  is  that  the  latter  are  merely  sub- 
stituted for  other  ions—his  so-called  active  part  of  the  col- 
h)idal  unit  already  entangled  in  the  colloidal  particle  while  it 
is  stdl  in  the  state  of  suspension.  Vnr  instance,  in  the  produc- 
tion of  colloidal  copper  ferrocyanide  by  tlu'  interaction  of 
p'>ta-,sium  fcrrocxanide  and  cf)pper  chloride,  the  colloidal 
p;irticle  retains  proportions  of  ijie  potassium  var\'ing  lietu<Tii 
tile  limits  indic.ite<i  by  the  formul.e  ( l''eC\-.  t'u,.  „  K,.  ,^  and 
(KeCy,.,)('U|.,|K,,|.,  whicii  may  also  Ik-  written  thus 

il'i^^-'y,.)  Cu.  f  .l,|-eCy„,  K,  ;ind    l-"eCy,    C'u,  l- i   30    KeCv,)  K,. 

Fii  the  case  ,,f  the  coagulation  of  this  ncg.itive  colloid  bv  the 
mttal  1011,  e.g.  h\(lrogen,  b.irium,  aluminium,  etc,  '  iiiste.id 
ol  the  so-called  eiilraiiunent  ).>•  KMguIatinii,  thr  .ution  will 
consist  in  the  subbtitutiMii  ,,|  th.  hsdidgen,  etc.,  ions  (,,i  a 
corres|)()nding  number  of  p,.t:i  ,,  um  ion  ,  ■  jn  llie  light  ,,;" 
his  results,  Dnclaux  regards  t!i<  colloid, il  i..iiicle  ,is  a  pr.  duU 
ol  |",n  l\'  (  hemic  al  reactii.ii. 

On  tlu'  ullui   hand,  th.'  similarities  between  the  absoiptioi; 

henomeii,    n|  e,,lln;d,il  solutions  ,nid    llu-  .d)soi  ption  etki  Is  ol 

g.   ch.uio.il,  le,i(l  one  to  su^|H-it  tile  ixisteiiif 
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1.     1  he  absuiptiiiii   oi    !i(|ui(ls,   cdilnids,   and   j'.a-^cs   1)\-   in- 

si.liil)lc    powders    as    carried    out    In      liioiilct,  '    Sclimidt,  " 

Uavis,"  McHain,"'  V^iii  Hcminclcii,  '  Nils  Carii,'"  and  (.tlicis 

2.   TIic  absorption  of  clcctrolv  tos  by  the  ^cl;,  of  coaL;iilalcd 

colloids,  as  carried  out  fust   In-  Cruni-    and  \Varrin;.;ton/'  and 

recentl)-  b)-  \'an  Ik'innielen  ami  his  pupils,  ■'  Godlew  >ki,"'  and 

otiiers. 

.^    Recent  u.^rk  bv  iMeundlich   and  his  co-work. ms  on   the 

absorption    In-  the   colloidal    particles    durint;    the  [.rocess    (,f 

coai^ulation. 

\'aii    Hemmeleii    differentiates    between    the    phenomenon 

exhibited  by  porous  bodies,  charcoal,  ixnvdered  jdass,  etc.-  ■ 
a  distinctl\-  surface  effect  >\hich  he  calls  adsorption- and  the 
more  intimate  uiu'on  produtin^;  a  hon-io^eneous  solution  of 
one  substance  in  another -a  distinctly  volume  effect  which  he 
calls  absorjjtion.  As  far  as  the  experiments  on  the  ious  en- 
trained either  b>-  the  flried  ^els  of  sols  when  haken  in  solu- 
tions of  salts,  or  by  the  jjarticles  during  coa^;ulation,  there  is  a 
probability  lliat  both  adsorption  and  absor|)tion  intervene 
a  circumstance  which  would  add  to  the  complexity  of  the 
problem. 

I  he  recent  work  by  l'"reun(llich  and  his  co-uorkers  i)Usiu's 
huther  the  researches  of  hinder  and  I'icton,  Spring',  Wiiitne)- 
aixl  Ober,  and  Duclaux.  ,\s  ,-i  connecting  link  belueen  this 
wods  and  that  o|  \'an  Hemnielen  we  ma>  i|Uote  the  experi- 
ments o|  l-'rion'  '  on  the  action  ol  b.iii.im  suhihate  prtcijiitate 
in  entraining  maijnesium  an<l  kuithanum  ions  during  pret  ipi- 
tatioii  bom  solutions  inwhuh  those  ions  are  present  IK- 
loun<i  that  the  amount  of  these  ions  cariied  down  b\-  the 
liarium  sulphate  precipitate  de|>en(led  onlhe.uidit\  .  .r  basicit 
o(  the  solution,  the  concentiation  of  the  enlr.iuied  ion  in  the 
solution,  and  the  \aletic\- of  the  entrained  ion,  I'lu-  (  mthamnn 
ion.  tii\al<-ht  j  uere  absorbed  ten  times  as  stronj;l_\  is  the  iiiaj;- 
ni'sium  i'liis    divalent 

1  he   si^jniluaiil  lact  added    to  our  knowled^je   !»)•  the  work 
ol  W  hitiie\   ,ind   Ober      w.is  that    the  ioiis  of  .Iectiol\tic  solu 
lioiis  \wre  .il)siid)ed  by  a  i;i\-en  i|u.intit\-  ol  ,i  icit.iin  i  olloid  ni 
amoiui!  ev.i.  ily  )iiwp,,itiMii,d  t(.  till-  rli,  1 1  o(  iuniual  iiimvalent 


I'i'i     /•/n''<f(\U.  /7,'t'/'A/.'///>' I '/■  iOli.OIIKM   St>/.!  /■/(', \V 
\\ci;;ht-.    ol    the    f    ii  111-,  :    i  r.    !  llr  ;ii||i  .lint--  ' 'I   i.  ,ll(  ilim,      1 1  c  il  it  illll  I, 

l).iiiiMii  ,iiiil  I H  !t,i---~iiini  ri.'->|)ii  tl\  cly  \\v\i'  iniiL;|il\'  |Mi'|Mir- 
tiiiiKil  to  '.  |(i  ,  ;.  S7  7  ,  ',  I  ^7',|  .  ami  V>'i-  l'"niiiiillic'li  and 
Scliiichf'  liavc  sli"\Mi  that  tlic  saiiu-  law  Imld-,  (ny  'her 
colliiids  a  tai  t  wliich  p. 'iiit-;  ti  1  cnaL;iilati(iii  takiiiL;  place  wlu'ii 
a  iLMt  liii  ch,ii_;i'  nl  the  uppo-itc  ^il^l  i\  lirniijdu  U|)  to  the 
Colloidal  partich:.  I'urliua,  ai(:oidiii|.;  to  1' rciiiidlich  ("  Kap. 
(  hciii.,"  p.  iv(  ,  lor  a  yjw-.i  c<illoid,  ions  of  ditlciin.n"  \alciit')' 
aic  ah-'Oilicd  cijiially  ^troii;i_v  in  cc]ii;inolccular  roiiccnliMtions 
ol  till'  ion,  ill  solution,  (.  ons(j(]iicntl\ ,  if  in  oicIlt  to  i)ro(!ii( 
ioai;iil  itioii  ol  a  j^i\i;n  colloid,  a  nuinhcr  of  ions  sufficient  to 
suppl)-  a  ;.;i\cii  ciiar;.;c  must  he  hroii-ht  up  to  each  particle, 
Solutions  ol  uiono\-ale'iit,  divalent,  and  tri\alent  ions  niv  >  ssars 
and  sufticient  to  produce  c<ia,L;ulatio]i  will  lia\e  to  he  in  (](  - 
cre.isiiiL;  onleidf  stienL;lh,  In  addition  the  stieUL;tlis  nece^saiy 
must  he  determined  hy  a  consideration  of  the  ahsorption  'f 
the  colloid, il  |)ai  tides  foi'  ions  of  electrolytes. 

I'lviuidlich  .idopted  the  \, illation  of  1 1 ei ua's  law,'"''  hich 
expresses  the  ah-^oiptioii  ol  \;irh'Us  solids,  to  express  tlic 
ahsorption  process  of  mllcjid,  and  tested  ihc  result  experi- 
uu.'iit.illy.  We  -.h.dl  i)rest.iit  il  iiere  in  it--  simple--l  form. 
Il  the  ukjK  uil.ir  condition  ol  tlle  solute  i;i  the  sol\  ints  i  the 
s.ime,  IK-iir\'-,  l.iw  loi  the  di  ^1 1  ihut  mn  o|  ,1  l;od\-  l)et\\een  two 
imiiUH  ihli'  soUeut--  is 

wliereC,  ;ind  C  .ire  the  coucintrat  ion  .  of  (he  liod\-  in  the 
two  .oKeiits  ,;  ,iiid  /\  ,111,1  ,-i  I-,  ,a  (.lust.iiii  it,  however,  tlie 
iiiolei  ular  ui'ii;ht  of  the  solute  in  the  -oK.'iit  /-  i.  //  tiuii  -  tliat 
in  the  soUi'iit  ,;,  the  iiiuatioii  t.iki      ihr  loini 

t 

C,,  -  /9 .  C". 

Adaptiii},'  this  e(|u  itimi  to  the  .ili^oiptioii    h\   lolloids  hieund 
lich  \v  I  itl  s  it  ; 


.)' "  a  ,  C", 
whcie  I      .luioinit    of  ^ivcn  suhst,-inrc   ,ih--o;lie(l    \,\    unit    mass 
of  the  c«)'l(ii(l, 

C       CDIlCcntr      1011  ol    the  ,di-"llii  d    -  uh-.t.iiii  e   III   the  sol, 

aii<l  (I,  ;/     con-taiits  for  a  ^ivi-n  colloid 


Ct>.u,r/.A'/7t'-\  oi-  oil <  ins 
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\'arimi-;  unikfi-.  have  applied  tliis  tonnula  tn  the  rihsiu]'- 
tioii  In'cliarciial  ami  other  solids  mI  various  clectrol)  Us  and 
(Ivc  solutions  the  dues  of  1  )i  I'leuudlich,  "  Kap.  Chein," 
pp.  i  ;o-l  lie  betwee  O' 1  I  audo'^d.  iMeundlich  has  pro\  cd 
\\\c  \\  ,\.\  <<\  tlu  lonnula  for  various  colloids  ^e.L;.  l-'reui'.dlirh 
ami  Schnehl,  with  men.  lU)- sulplii<lej.  He  finds  1  11  to  lie  i)e- 
\\\v<  I  01  I  and  02(1  for  t1'  •  \arioU';  colloids  studied,  i'aine'' 
f.iiinil  lor  l>redi;4  colloidal     opper,   1   n  t(3  be  O'lO. 

I'uttiiiL;  in  the  values  of  1  ;/  such  as  those  recorded,  we  lia\e 
tlu  suiting  eur\e  ^.f  the  form  illustrated  in  Fii;.  iS,  from  wliicli 
we   -e  that,  for   very  small   coiireiitrations,  the   perceiitaiu-   o( 
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Concent''  en  SoV!- 


l-l...    IS. 

s.ilt   ah.irhisi    is  \  erv  lari'.e,  w  heri-as  for  iiicreasin;.;  coiiceiitia- 

1                         tioiis,  the    (  ur\i-  luTMiiK'-.    asynipt<ai'     to   a  line  parallel    to  tile 

;i>   -,  ,)|   (  wnii  iitrati'  Ms       If  tin-  curve   represents   the  ahsoip- 

tii.ii    l)\-  a  t;i\en  colloid   i.f  all    .'lectrolytes,  irrespective  of  the 

valency   of  tin     ions,  tlun   ,it    small    concentrations   ot   mono- 

v.iicnt,  >i     .ilriit,  and  tri\  dent   absorbable   1011-,  tlu   iiuinher  ol 

ioiis   ib...ilH'(l  b\    the  colbnd    ina>-  be  surh  that,  t..,  the  mono" 

V.llent  l\p<-,  tliei-'  ■      il>-olutel_\'  no  (oa  Mil.it i\e  .,•  tioii ,  uheieas 

|,,r   tlu    di\,ilinl    01    tiixali    .1    t\i:e,  tlieie   may   be   sufiiiitnt    to 

cause  moie  01  les-  i.ipid  1  M,ii;u!.tlioii.       I'or  e\ample,  "  frennd- 

lich  louiid  lh.it  for  a  hy('rosol  of  arsenioUs  sulplmle  containing; 

I  H(p-i,im-  pel  litre,  ()C)i(^  inillij;r.im-molenile-  of  ahnniiinim 

1 

"'■i     /■//\S/i-Af,  /•/,■(  )/7V,V7/wj;.  i-OI  lA^IlKir  Sn/  r/V:'XS 

nitrate  ,.ir  tlu-  r.|ui\Ml,.,,t  .  .f  CTiniii  nlpliatr  uviv  iv,|.!iiv,l  ]„■,■ 
litre  fnrc.u-ulati.iii.  ilie  ain-.unt  ..f  the  i,.ns  alis,,.l.ol  per 
gram  of  arseni.m>  sulphi.le  •-  -iven  as  al),.ut  ooS;  .i.illicMui- 
valcnt^.  or  0-162  millie(iuivaleiits  for  one  litre  of  the  above 
^5o.utu);i,  I.e.  0054  milli-raiii-iiioleciile.siii  tliecaseofa  trivalent 
ion.  Tliis  u-<,ul,l  mean  that  al)out  50  or  r,o  percent  of  the  tri- 
valent ions  present  in  the  electrolyte  necessary  for  coa-ulation) 
UMsal)s,.rbe(i  by  the  colloi,]  in  its  coa-ulation.  as  compared 
with  a  small  fraction  of  1  per  cent  (of  the  amoimt  necessary  for 
coa,L;iilatiwn  ,  ui  tiie  nioiMvaient  ions." 

ir,  in  addition,  as  the  work  of  Whitncv  and  Oher, 
KreMHMJIich,  and  other,  seems  to  indicate,  electrochenncally 
equiv.ilent  .juantities  of  various  ions  must  be  absorbed  in  order 
to  pn.duce  coa-iilati.)n,  we  see  from  the  ab..,rption  curves 
thit  the  concentrations  of  ions  of  different  valencies  r.cCes.saiy 
to  produce  a.a-ulation  m.iy  easily  differ  in  .accordance  with 
the  I.inder-l'icton-Schul/e  l.,w.  If  ,,  re].resents  tne  n.umber 
of  monf.valent  ions  necessar>-  to  pr-xluce  coa;;nlati,.n  in  a 
k'iven  sample  of  colh.i.l,  that  .piantity  will  be  absorbed  fr.,m 
the  electrolytic  solution  in  uhich  these  ions  h,i\e  a  cnncentr.i- 
Unu  (\  :  the  ,|uantit>  of  div.ilent  or  trivalent  ions  ne,ess,.„y 
'"I-  tlu-  s.uneca-ulative  result    uiil    be   ;;,ven    respectiveh    |,v 


a!Ul 


I 


■I  ■'"      •   .i.i|.  "  men  correspond    Im  the  abs<,r|.ti.in 

froP)  .snlutions  ,,f  concentrati.uis  C,  and  ('.,  respectively,  A 
snnple  inspection  of  the  abs.,rption  cur\e  will  show  tliat  there 
exist.  ,1  uid,..  r.tn-c  >.f  \alues  to  the  r.itids  C',  :  C    :  ('  . 

'■■''■nndluh  lias  f.und  exceptiun.d  ..-re.nienl  with  this 
the..ret,cal  result  in  the  case  of  s,,its  .,|  the  hL;ht  tnet.d-.,  uini,' 
tlK'  .alts  of  JKMvy  nu.t.ak  .„,.!  th,..e  ^Mlh  .,,mplex  ,,r;',uiic 
'••"i>'l''^  s,.em  tn  be  ,d)s,,rbc-d  in  abnnrnully  laiv;e  ,|uant'ities 
l)y  colloi, !-..  I'Veundlicli's  con.  hision  is  that  "it  f,,ll.,ws 
necessarily  that  the  coa-ulativ.>  power  o|  ,.  uu,.„  salt  .lepends 
greatly  b„th  nn  the.alen.y  .nd,,;,  ,.,,  ,d„.,.,,t„M,.,,efn.,ent 
Ixvausewithdiffeient  ionu  ,  ^  ..lu.^s,  ..tl,,.,- ,,f  v,,K,i.n  ..rabsnrp- 
ti-u,very  dilterent  concent. atinnsaien.-.vssarv  in  ti,e  s,  .Intmn 
ni"idei  th.it  tile  ajuiv.ileni  .|u.intil\  ,,|  the  .1.  Ii\,- 
i>e  all  oilied  ". 


ii'n    Miai 


ci)A(:r;.A'//i>.\  (>/■'  colia^id^ 
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II.    Com,!   1.  \  Ih  •%'    \\\     Ml\iN(.    ro>||l\l      \Mi    Nl.,\li\| 
Cul.l.i  illis. 

T.indcr  aiui  I'ictoii '"  were  tlic  first  to  point  out  the  classifica- 
tion of  C(jll()iils  into  tlie  two  classes,  cationic  and  anionic,  acn  ril- 
ing as  the  particles  mii^rated  in  an  electric  firld  to  the  nei^ative 
or  to  the  positive  elect  'ode.  The)'  .also  were  the  first  to  note 
that,  under  certain  conditions,  a  colhjid  beariiii^  a  charge  of 
one  sign  added  to  one  bearini^  a  chari^^e  of  thi;  upp-osite  -^iLM! 
brinies  abont  precipitation  of  the  two  colloids-  a  phenomenon 
contnined  bv  I.otterniosci'. "' 

Ihis  phase  of  tlie  beha\iour  of  colloids  has  been  \ery  com- 
pletely investii,'ated  more  recentl)' by  \iessi.'rand  l-'iiedemann  '' 
and  Ib'lt/..""  I'he  latter  has  shown  that,  as  in  the  case  of 
coagulation  b_\-  electiolytes,  the  rumediate  pieci[)itating  action 
depends  greatly  on  the  maimer  in  x^hich  the  two  cullnids  are 
mixed,  i.e.  whether  sl(iul\'  drop  b)-  drii|),  or  rapidl_\'  with  shak- 
ing, {'"or  colloids  mi.\ed  together  <|uickly  and  treated  uni- 
lorml)-,  15ilt/  enunciated  the  following  laws:  — 

(I  It  to  a  giwn  colloid  one  of  oppositi.'  sign  be  added  in 
small  [iroportion,  there  is  no  |irecipit.iting  action. 

J  .As  the  (pi.intities  of  the  second  colloid  added  at  onci- 
are  incre.isc-i  I  the  coagulatis  e  action  becomes  more  and  nioie 
noticeable,  until  a  pioporlion  is  icuhed  w  hich  cau^i  s  immediate 
Coagulation. 

{\  .\s  thi^  amount  is  still  fuither  increasid  ((lagula'ion 
ceases  to  appro  ;  that  is,  \\\vw  is  an  ojitimum  of  putipitating 
action  shown  loi-  ct'rtain  i)ro|)oi  tious,  ,ind  if  in  any  case  these 
favoin.djle  pioportions  are  exceeded  on  eithi'r  side,  no  pre- 
ciiiitating  action  takes  pl.u'e  at  all. 

(4J  With  the  e.\ception  of  a  sol  of  selenium,  whuh  mav 
ha\e  some  anonialo.is  ciienncal  action.  mi\iiig  two  soN  dl  iju' 
s.ime  sign  produces  no  precipitation  at  an)'  stagr 

Milliter'  siiouetl  that,  when  two  (ulloids  df  (ippcisite  -aiMi 
were  mixi'd,  with  one  in  imcss,  the  iliiectii'n  ot  migi.itioii  ol 
the  wholi-  \\  .IS  .dw  a\  s  the  s.ime  as  th.it  ol  t!u  i  olluid  in  excess. 

1  he  who'r  1.1  tins  niiitu.il  co.ignl.itix  e  ai  tion  points  nn- 
doubtedl)-    to    the    eleitiiial     natuie     ol     i  o.igulation,       it     is 


l)clie\r.|  til, it  tlu.'  partielcs  in  i-xccss  in  a  mixtuic  el  twn 
"i'l"'^'t'-l\  cli.ir:.;.-.!  CMll,,i,is  ail'  altrac:t.;il  and  aliM.rlK.I  liy  tlu- 
"th.-r  ]i,irtielcs  ti)  MR-li  an  extent  tliat  there  results  a  lai-.r 
iiiiit,  the  char-i'  . if  which  is  the  same  in  m'l;ii  as  tiiat  of  tin- 
ahsoihe,!  paitiJe,  At  the  time  of  maximum  precipitatin- 
■iili'tii,  the  iiumhers  ..f  each  kind  of  particle  are  just  suffu  lent 
t.)  piddii,  r  iincliar-ed  masses  uiiicli  coalesce  1)_\-  Mirlace  ten- 
sion and  tall  to  the  iiottom. 

<  >iie  would  conclu<ie  tVoin  such  acti<in  that  the  i)rop<.nion 
ot  tlu-  two  colloids  in  the  preciiiilate  would  approximate  to  a 
constant  (|ii:iiitit\-,  which  is  in  accc.rdance  with  experimental 
"■csiilt-..  in  lact,  m.iii\-  reactions  tonnerly  believed  to  he  pnrel\- 
chemical  are  reall\'  of  the  above  nature  as,  for  example, 
t.tmiin  and  ;^'elatine,  tannin  and  basic  colours,  basic  and  acid 
colours,  etc. 

Ill  i;ener,il,  the  char.L^es  on  the  particles  of  cmulsoids  are 
much  Ic-ss  ajipaient  than  in  the  case  of  suspensoids  and  the 
phenomena  resultin-  from  mixing;  emulsoids  .arc-  of  much 
tjre.iter  coniplexit\-.  Allied  to  tliis  is  the  action  of  \arious 
coll, , id-,  ,ind  salts  on  suspe:i-ions  ofbacteii.i,  which  h,is  Ixcn 
investigated  particularly  lu'  Nie.ser  and  I  "i  i.  demanii,"" 
HechlKild,'  '  ;ind  Huxton  an<l  lii^  co-workers.'" 


Ill,   I'lioii  c  Ti\i   A(  rn.\  (i|-  (  iRi  Ai\  Cdi.i.oidm, 

S'  li.r  I  1(  (Ns      Si   lil'T/Kdl.I.t  iIliK). 

Many  or,:^, mice  iilloi''  •■miilsoid  \\  hen  added,  in  .  ompara- 
tively  minute  (pi.intities,  .o  suspensoids  luxe  tlie  jiowci  of 
preventing  the  co,i;^Milat ion  of  the  -uspensoid  particles.  1  |i,- 
conscMiMis  of  opinion  >erms  to  be  that,  on  account  of  tin-  mii - 
lace  tension  relati.uis  between  the  medium,  the  suspeiisoid 
particle,  and  the  enniKoid  Mibstance,  the  hitter  snrroun(N  tlie 
susponsoid  p,irticle  uith  a  thin  coating'  wliich,  pievenls  the 
cnaU-sceiue  ..f  the  pirtnlc'-,  eitlier  by  jireventmi;  the-  c.iu.e 
uhic  h  bini--  ,ibont  c.  M-iilat  ion  the  discharLjc  of  tlie  paiticlcs), 
or  merelv    bv  ..ft.'iin;;  ,i  material  ob-tac  le  to  the  coale.ceiicf. 

Man\'    e\,im|ile-    ..f    this     piotedivc-     action     iiaxe     been 
luinidud    1)_\     v.uious   workers.      (Juantitative    dctc'i mai.itions 


I 
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!  i|  llu'  pii  itc(  li\'L'  III.  til  111  (ir(irL;aiiii  idUiiids  !i;i\c  been  wcnkfil 
<iul  th' irdiiL'JiK  1))'  /si'l;!!!' 'IhI\' ■ "  ami  otlicis  in  rclatimi  to  ijuld 
sdIs  aiiil  '))■  Miillcr  ami  Aitniann  ■  in  relation  to  arscnioii-^, 
antimony,  aii'l  cailiin'uni  sulphiili^.  1  he  rc-ults  U  v  i.;ol<!  -iolu- 
tion-;  aif  c\]iic^^cil  hywiiat  /si^rnioiul)-  lias  called  the  ;;old- 
\ahie  o|  the  ;;i\'en  oiL^anic  colloid.  Ihis  !.;old-\ahie  i■^  detim-d 
as  foUous:  "  I'he  ;;o!d-\aIiie  of  a  |4i\'en  protecting;  colloid 
Schiit/.kolloid  is  the  number  of  milli;4rams  of  the  colloid  re- 
(liiired  to  protect  id  ccs.  of  a  stable  L;old  solution,  containin<^f 
from  hum;  5  to  0'005.S  per  cent  of  i^old.  from  the  i>recipitatinii; 
action  of  I  cc.  of  a  10  jier  (  eiit  solution  of  sodium  chloride", 
(ielatine  has  much  the  lowest  i^old-value,  the  substances 
in  an  ascendini,^  series  of  !;old-\a!ues  beini;  gelatine,  casein, 
cL^t^-albumen.  aiu!  i^um  arabic,  all  of  uhicli  ha\e  stront.;  pro- 
tective action.  Dextrin  anil  \arious  kinds  of  soluble  starch 
also  act  as  protectors  but  to  a  lesser  extent  than  tin;  above 
named  substances. 

Since  the  di>co\er\'  of  the  protecti\'e  action  of  these  sub- 
stances it  lias  been  found  that  manv  so-called  colloidal  solu- 
tions owe  their  \ery  existence  as  colloids  to  tlie  presence  of 
some  piotectint^  substance  in  small  concentration  Reference 
to  the  classification  in  I'able  1 1 1  !'/(•)  and  Table  IV  ((.'lass  ;;;  will 
show  to  what  a  ^neat  extent  this  phenomenon  pla\s  a  part. 

I'ndoubledly  the  ai'tion  of  protective  colloids  is  of  tirst 
importance  in  main'  practicil  applications  of  colloidal  stu<l_v. 
I'll.-  ihiids  of  the  body,  so  extensivel_\'  colloidal  in  tlieir  nature, 
ma\  alter  ,L;reatly  in  tlw.'ir  action  as  tiieir  content  of  protettin;^ 
colloids  varies.  .Ajjain,  in  agriculture,  the  humus  of  the  soil  is 
probabl)'  a  piotectini;  colloid  and  as  suci)  uill  have  a  lar- 
reachiii;;   effect  in  let.iinini;  tile  lichnt'ss  o(   the  surface   layers. 

I\'.      \ri|ii\    Ml     \'\K|iil>    k  \hl  \  I  li  iNs   ON    .S<  ij.s. 

I  hi'  intimate  connexion  between  co,u;ulation  and  the 
chartu-  possessed  li_v  the  p.ntiiles  is  shown  by  the  aition  ol  f-j 
ravs  of  radium  on  tvpical  solutions.  The  y  lavs,  which  are 
probal)!v  of  the  nature  of  X  r,i\s,  have  bct-n  lound  to  havi'  no 
effect  on  the  sols  ;  the  a  ;  positiv  rl)-  (iiarL;ed  rav  s  of  ladium 
have  not    -utfu  leni  pem'tratin;^  power  to  .ilteit    the  paitiiles  in 
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any  considerable  volume  ot  the  solution.  The  ^  ra\s  have 
sumcient  penetrating'  power  to  traverse  a  layer  of  a  solution 
some  centimetres  thick,  and,  as  they  possess  a  net^'ativc  chari^e. 
they  shnuM  exert  a  dischar-in-  effect  on  any  positivelv  cliar-td 
particles  and  thereby  hasten  coanrulation,  while  any  effect  on 
ne^ratively  ':i,aryed  particles  should  be  that  of  incr'easin;^'  the 
charjres  aiifi  thus  stabilizing  the  solution. 

Hardy-'  tried  the  effect  of  /3  rays  on  sols  of  purified 
ijlobulin  dissolved  in  ;>^)  acetic  acid,  and  (/>)  sodium  h><lrnxi(le  ; 
as  already  noted  the  ^rjobulin  particles  in  solution  (,/;  are' 
cationic,  i.e.  positively  charged,  while  those  in  (/:)  arc  anionic, 
i.e.  negatively  charged.  The  effect  of  the  /J  ra\s  was  to  bring 
sample  (,i)  to  the  state  of  a  jell>-  in  three  minutes,  whereas  the 
particles  in  .solution  (/>)  were  rendered  more  mobile  in  an 
electric  field,  i.e.  showed  an  i.icrease  in  charge. 

Henri  and  Mayer '^  found  that  exposing  a  sample  of  a 
.sol  to  radium  bromide  had  no  effect  in  the  cases  of  the 
pure  sols  of  silver  and  ferric  hydroxide,  but  that  when  a 
electrolyte,  e.g.  sodium  nitrate  was  added  to  the  sols  in 
quantity  much  loo  small  to  i)roduce  coagulation,  the  silver 
sample  remained  uncoagulated  while  the  ferric  hydroxide  was 
coagulated,  when  both  were  again  e.xposed  to  the  /3  rays  from 
radium.  .A  sample  of  h.emoglobin  was  coagulated  by  the 
Id  rays  in  seven  hours. 

Dreyer  and  Hanssen  "■'  ex[)osed  samples  of  albumen  to  tlie 
innuence  of  ultraviolet  light  and  found  that  coagulat^-n  set 
ni.  Careful  experiments  carrie<l  on  under  the  writer's  direc- 
tion on  the  influence  of  strong  ultraviolet  light  on  a  sol  of 
copper  in  methyl  alcohol  (positively  charged  particles)  gave  no 
coagulation  of  the  |)articles. 

Spring'-  trie<l  the  .lisciiarging  effect  of  X-rays  and  th.it 
of  the  brush  discharge  from  a  11., It/  machine  and  of  the  dis- 
charge  of  an  induction  coil  on  samples  of  mastic,  silica,  Dredig 
solutions  of  gol.l,  silver,  and  platinum,  but  obtained  a  n.-gative 
result  in  every  case.  Later  ■' h.'  teste.l  tile  transparent-  of 
such  .sols  f,,r  .\-rays  but  foimd  no  abnormal  absorption  by  the 
solutions. 
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rm.DKV   (II     1111,   SlAlilLl  lA'  (»l    COLLOIDS. 

Si;\  1  |;.\L  attempts  liave  been  inadc  to  in'vc  a  general  tlieoiy 
of  till'  colloidal  state,  aijplicable  to  all  classes  of  sols.  'Die 
|iro|)|cms  of  special  interest,  from  a  theoreticil  point  of  view, 
niiy  hi'  classified  into  three  main  divisions  :  — 

1.  W  hat  is  tile  process  1)\-  uhicii  the  disperse  phase  is  pro- 
<luci  d  in  the  solution  ? 

2.  What  are  the  forces  which  isure  the  st.ibility  of  such 
a  stated 

;.  What  IS  the  n.iture  of  the  coa-ul.itioii  (,f  sols  by  the 
addition  of  electrolytes,  or,  in  a  few  instances,  of  noii- 
electrol)-les  ? 

Xaturally  thesr  (|uestions  must  ultimatel>-  be  treated  as  a 
whole,  but  in  ea(  h  of  the  theories  which  have  been  proposed 
stress  his  been  lanl  jiarticularly  on  one  or  other  of  these 
IHiiiit-,  in  what  fallows,  these  ipiestions  will  be  considereil 
chiel1\-  In  nl.itJ.Mi  1. 1  (lispersoids,  but  the  bearini;  of  the  phen- 
omena on  emulsoids  will  also  be  iintcil  hrielly. 

I.     I  III     ri;(  Mil  iTlii\    <>\     I  III      i)|sl  I  K,|     pii  \.,| 

It  h.is  ,ilMMd\'  been  s|ic,\ui  thai  the  melho(|-,  of  pi  cp.u.it  ion 
ol  dispel-,. .hU  fill  n.ituially  into  twti  (  l.isscs  :  ,i  condensation 
mithiiiU,  in  wliich  the  p.utules  lmhw  (mm  moleculiir  si/i-s  to 
the  collnjd.il  si/f,  and  ;/'.;  tiis|),'i  si.  Ill  method  ,\\lieieb\-  lar';e 
complexes  of  ih,-  (illoid.il  matrri.il  .n,-  boikeii  uji  into  the 
.small  (olKiid.il  p.ii'.iJe..  Ihis  ,iibdi\i.i,,n  Mi-;;csi-,  th.it  (lie 
stabli'  1  ol|..i,|,il  |i,iiticle  i ,,  in  e\cry  ni -l.uH  c,  .in  (  <  |Uililii  mm 
sl.ilr  belwccn  U\o  (.pp.  isiiifT  sets  of  fofCCS  :  Vi/.  those  teildillL; 
'   =        rni^    auUiil     the    COUitfiCCnec     ui       ;i;.;!!    ;:, 
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lar;4cr  mics  .mil  lliosc  tciiilini;  Id  cause  llu;  dispersion  ol  tlie 
colloidal  substance  throuj^iiout  the  medium. 

After  the  work  of  hinder  and  Ticton,'  Lobrj-  tie  Hruyn,-' 
Zsii^mondy  and  Siedeiitopf,'' and  Sve.lber^' '  on  the  transition 
from  coarse  suspc-nsions  to  ordinars-  molecular  solutions,  thei'e 
can  !)(■  little  doubt  that  colloidal  solutions  do  exist  whicli  con- 
tain i)articles  of  aii\-  si/.e  from  that  visible  in  the  inicroscope 
to  tliat  of  molecules.  Tliis  view  lias  iniluced  workers  to 
search  after  the  laws  which  reL,Milate  the  various  forces  at 
work  in  fixini;-,  under  any  i^iven  conditions,  the  si/e  of  the 
particles. 

Donnan  has  offered  a  su^^.i^^estion  ;is  to  tliese  laws.  He 
assumes  that  the  colloidal  substance  disinle-^jrates  in  tht-  li(iuirl 
medium  up  to  a  certain  i.;rade  of  ilispersion  becau-^e  the  cohesive 
forces  between  the  liquid  and  the  solid  are  ■greater  than  the 
adhesive  forces  betwei'u  the  molecules  of  the  solid.  When  the 
particles  become  so  small  that  the  liquid  laser  about  them  be- 
comes thinner  than  lheraiii;eofin(jlecularattractionoftheli(jui(l, 
the  forces  of  attraction  due  to  the  li(iuid  will  decrease  and  when 
thev  are  just  equivalent  to  the  mutual  attraction  of  the  particles 
of  the  solid,  the  ■^i/e  remains  const.mt.  When  tlv  colloidal 
particles  are  produced  b\-  a  condensation  method,  the>-  will 
t(row  to  the  same  liinilin;,'  si/.e  fixed  by  the  same  limitiiij.j  con- 
ditions. I  lowever,  such  a  simpleexplanation  ofthe  phenoineua 
will  h  irdU-  account  for  the  exi-^tence  of  colloidal  solutions  ot 
such  a  wide  ran;;--  of  concentrations  and  dispersity  as  we  fin<l 
between  the  extreme  limits  of  Kinder  anil  I'icton's  arsenious 
su!|)hi.le  solutions  or  Zsij^mondy's  ^old  sols. 

(iarnett "  probabl)'  tirst  states,  in  this  rej^ard  the  bearing' 
ol  tlu'  process  of  crystalli/ation  on  the  production  ot  colloidal 
solutions.  "  When  a  honio^;encous  li(iuiil  separates  into  two 
states,  say,  a  licpml  and  cr\-stals,  the  new  state  phase)  ai)pears 
first  as  minute  dio|>lets  which  icpresent  an  mist.ible  st.ite  and 
which  (  han^^es  to  the  stable  cr\stalline  state  ma  lon^;er  or 
slioitei  tune,  accordiiii;  to  the  ic!ati\i  mai;nitude  of  the  lorcc 
of  crystalli/ ition  and  the  force  dui'  to  surlaie  tiiision  Sub- 
st.inces  \vhiih  ilonot  leadily  i  rs'stalli/e,  whose  molecules  theie- 

,-        .    .  ...  *  J     ;  !  it!.'  tt-.-.;'     i      :■    -;t    ;f:-    f.-> 
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l<ccf)ine  suljpcrinaiiciit,  and  tliis  is  ilic  slate  knu\Mi  as  ci)liui<!al 
s   liition."  ■ 

Villi  Wciinain  ^  has  developed  similar  ifleas  to  .account  for 
all  colloidal  so'utions.  Tlie  two  sets  of  forces  are  presented 
thus  :  "In  agreement  \vitli  the  present  view  of  crystalloc^riaphers, 
a  crystal  presents  a  completely  uii'form  s\-stem  of  points  alxait 
which  the  molecules  execute  their  liarmonic  motion  ;  tliis  is 
tile  so-called  space-lattice.  It  is  not  hard  to  imagine  that  a 
free  cr>-stal  surface  in  contact  with  the  surrouiidini,^  licjuid 
medium,  in  whicii  tlie  crystal  forms,  must  disturb,  to  a  certain 
extent,  tiie  uiiiformit)-  of  these  points  and  tlie  motion  of  the 
molecules  at  this  surface  of  separation.  Ihe  la\er  at  the 
crystal  surface  will  apjjroach  in  its  properties  the  internal 
lavers  of  a  liiijhly  compressed  liijuid,  just  as  at  the  surface  of  a 
liipiid  the  transition  la)-er  will  resemble  in  its  properties  the 
internal  layers  of  a  Iiif,''il}'  compressed  ^'as.  It  would  be  a 
^Meat  mistake  to  assume  that  the  conditions  at  the  crystal- 
licjuid  surface  of  separation  are  the  same  as  in  an  ordinarv 
liquid.      They  approach  one  another  but  are  not  the  same, 

"  1  wo  factors  i)lay  an  important  role  in  the  jiroducticjii  and 
pro|)erties  of  the  free  surface  of  the  crystal,  viz. : — 

"  .A.  the  inlluence  of  vectorial  molecular  forces  mi  the  moie- 
cules  constituting;  the  free  crystal  surface,  and 

"  H.  molecular  kinetic  i)rocesses  coming'  into  play  at  the  free 
crystal  surfice. 

"  The  fictor  A  j^ives  rise  to  the  capill.iiy  pressure  which 
is  added  to  the  external  p|■e^sure  on  the  ir)stal  faceand  which 
is  m,i;^niilied  as  the  L;r.ide  of  the  dispersion  increases  i.e.  as  the 
si/e  ol  the  crystals  decrease  .  Therefore,  in  i^i-neral,  this  factor 
A  causes  the  rlispcr.-ed  bod}-  to  de|i;ut  hum  the  liipiid  statr 
(i.e.  increases  the  si/.e  of  the  particles  1,  and  this  ten<lenc\  is  the 
stidiif^'er  the  greater  the  ^^rade  of  the  dispersi.m  of  the  cr\stal- 
li/iiij;  body  because,  for  most  substances,  the  mrltinL;  point  is 
raised  In  .111  iiKiiMseof  piessun-.  Only  in  a  few  cases,  e.^'. 
ice.  the  i.u'cM  \  (aiisestiu-  dispcised  substaiu  e  to  approacli 
the  liquid  si, lie,  t,,i  tin'  iii.llin^  points  of  such  substances  us 
ice  ,iii'  liivvi  1.  i|  l,y  iiRieasi'  ol  ]ires-,in'e. 

»  ii'    ia<  loi    i;  Icinis  |M  i.iusr  .ill  lioi  lies,  wit  In  .lit  i  Vi  cpl  ioii, 
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to  apiJioach  tlic  liciuid  state,  Ixjcausc  it  lessens  the  reijulm-jty 
of  tlie  (jiientation  of  the  molecules  at  the  surface  la\eis.  Thus 
we  see  that  in  onl)-  a  few  cases  will  the  factors  A  and  1>  exert 
influences  in  the  same  sense.  For  tlie  great  majority  of  sub- 
stances these  two  influences  are  diametrically  opposed.  K.\- 
perimeiit  shows  us  that  the  factor  B  works  more  energetically 
than  .A,  because  disperse  crystalline  bodies  are  more  soluble, 
more  fusible,  more  transitor)',  and  ha\e  stronger  reacting 
[jower,  the  higher  tiie  grade  of  dispersion — an  effect  which  in- 
creases more  and  more  as  the  licpiid  state  is  reached. 

"  It  is  not  hard  toconhrm  that  tlie  factors  A  and  H  struggle 
with  one  another  for  mastery,  although  the  factor  15  couics  out 
victor.  The  factor  A  acts  more  and  more  energetically  the 
greater  the  surface  tension,  wliile  tiie  factor  H,  on  tiie  other 
iuuid,  increases  with  the  increase  (jf  the  activity  of  the  dis- 
l)ersion  medium  in  relation  to  the  dis[)erse  phase.  ...  In  this 
wa_\'  we  see  that  the  i)h>sico-chetnical  properties  are  functions 
of  the  grade  of  the  disiiersion  " 

h'ollowing  out  this  line  of  thought,  \'on  Weimarn  shows 
that  the  production  of  a  colloidal  solution  in  an)-  given  case 
will  depend  on  the  relative  |)otenc)'  of  these  two  factors  under 
the  given  conditions  of  the  reaction.  He  maintains  that  any 
substance  whatever  can  be  produced  in  the  colloidal  state  [)ro- 
\  ided  the  jjrojier  conditions  of  solubility,  concentration,  etc., 
are  discovered.  In  confirmatit)n  of  this  thesis,  \'on  Weimarn 
!ias  proiluci'd  ovi'r  two  hundred  substances '■'  in  the;  colloidal 
state,  many  of  them,  e.g.  ice,  not  having  been  previousl)'  so 
produced.  i'urthermore,  he  maintains  that  the  initial  stagi- in 
the  evolution  of  anv  colloidal  solution  is  the  formation  of  small 
cr\stals  ;  a  statement  which  he  holds  to  be  true  even  lor 
gelatine  and  agar-agar.'"  .A  corollary  of  this  proposition  is 
that  ttien  is  no  amorjilious  state  of  a  substance  in  the  sense; 
of  it  being  entirely  non-cr)'stalline  ,  for  e.\ample,  a  so  called 
anioiphous  powi'.'r  or  ,i  yv\  is  mcrel)  an  aggreg.ition  of  small 
crystals  held  together  in  small  m.issc^  b)-  the  effects  <it  surface 
tension    see  l'"rankenhcim  "). 

More  particularly  according  to  \dn  \\'(>im,irn.  in  an\'  --o- 
i  ailed  till  iuii..d  reaitiiMi,  when  the  rate  ot    precipitation   is  low, 
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tlicrc  i-;  ])ro(luccil  a  distinctly  crystalline  deposit;  w  lien  this 
rate  is  hiL;li,  one  L;ets  a  hiLjher  dei^ree  oT  dispersion  —  a  sol,  a 
flocciil(;nt  precipitate,  or  a  jelly  as  the  case  may  be  ;  wlien  two 
very  concentrated  scjlutions  of  substances  whicli  bj-  their  intt.'r- 
action  produce  a  very  insoluble  precipitate,  are  mixed,  a  jelly 
abvavs  results.  l'".ven  the  most  detlniteK'  so-called  crystalloid.al 
bo<lies  may  be  obtained  in  tlie  colloidal  or  i;elatinize'<l  states 
if  produced  in  solutions  in  which  tliey  are  \eiy  insoluble.  An 
ordinarv'  precipitate  such  as  barium  sulpliate  is  at  first  formed 
l)_v  the  combination  of  the  ions  in  very  minute  cr}-stal  elements 
which  are  sufficiently  soluble  in  water  rapidly  to  iniite  to  form 
cr)'stals,  which  jj^radually  increase  in  size  bv  absorbing  the 
smaller  cr)-stal  elements.  It  is  well  known  in  ordinarj-  ajial}- 
tical  \\()rk  that  such  precipitates  will  pass  at  first  throuL;h  an)- 
filter,  but  j^radually  become  filterable  by  the  effects  of  time 
and  warmth.  If,  liowever,  their  insolubility  is  sufficiently  in- 
creased b)'  lari;c  excess  of  a  common  ion,  or  by  effectinij  the 
combination  in  a  medium,  sucli  as  methyl  alcohol,  in  which 
tlie  sulph.ites  are  extremely  insoluble,  the  molecules  cannot 
coalesce  in  the  form  of  lari.;e  crystals  but  remain  in  spiierical 
masses  and  a  colloidal  sol  results.'-  In  tliis  wa)'  some  )ears 
aijo,  I'aal  ' '  obtained  in  colloidal  form  tile  chlorides  of  sodium 
and  potassium  by  the  double  decomposition  of  their  t)r^anic 
coinpouiuls  in  orijanic  media  in  wiiicii  the  chlorides  were 
sufficiently  iuholuble. 

in  tile  c.ises  ol  the  disjjersion  methods  of  prei)arati<  >n,  \'on 
Weimarn  treats  tiie  electricall)'  prepared  nutal  sols  as,  in  rialit)-, 
tile  result  u[  tiie  condensation  of  small  cr\stals  fiom  the 
\apours  o(  the' mclals,  and  tiie  colloids  produced  b)- re-solution 
ol  a  precipitate,  ei;.  ]iepti/ation,  meiel)-  a^  samples  of  ciianL;es 
in  tiie  s(  hibilit)'  of  tile  precipitate  ilue  to  tiie  stal)ili/inj;  ion. 

iiie  tlieory  put  forward  b\-  Von  W'eimain  dispenses  wiiii 
tile  view  suj^^'ested  by  Schul/e,"  Carey  I.ea,''  ;m<i  otiier--  th.it 
in  i  olloid.d  solution-,  we  h,i\e  allotiopic  form,  of  tlie  wirious 
sub^tances  in\olved  :  the  allotropy  is  merel\-  in  the  niassint;  of 
tile  individual  minute  cr)stals, 
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es[)ecially  in  the  case  of  most  sus[)ensoirls.  In  \ie\v  of  the 
work  of  Hard)-  on  the  f^Iobuliiis  alone,  one  cannot  neglect  the 
effect  of  the  electrical  charges  ;.t  any  stage  of  the  process. 
It  may  be  that  Von  Weimarn  includes  them  tacitly  in  the  forces 
under  factor  A;  nevertheless,  in  the  equilibrium  state  of  the 
colloid,  the  charge  on  the  articles  is  important  enough  to  de- 
mand special  attention. 

The  problem  of  accounting  for  the  charge  possessed  by 
colloidal  particles  has  led  to  the  suggestion  of  various  theories 
as  to  the  i)roiluction  of  tne  colloidal  particle.  There  can  be 
no  doubt  that  this  charge  is  due  primarily  to  some  chemical 
combination  followed  by  a  partial  dissociation  of  a  portion  of 
the  colloidal  unit.  It  is  quite  possible  that  these  chemical 
actions  may  vary  greatly  in  the  nature  and  still  bring  about 
similar  final  results.  Two  or  three  exam[)i'js  of  this  ina)' 
suffice. 

Duclaux '"  and  Jordis'"  have  shown  pretty  conclusive!)' 
that,  witii  such  colloids  as  ferric  hydrate,  copper  ferrocyanide, 
etc.,  produced  by  double  decomposition,  the  particles  coiistitut- 
ing  the  disper.se  phase  consist  in  the  main  of  the  chemical  com- 
pound named,  but  that  this  compound  always  retains  a  certain 
amount  of  one  of  tiie  primary  reacting  substances,  which  in 
some  way  gives  the  charge  to  the  particle.  Con.jrsely, 
Duclaux  accounts  for  peptization  by  ,sa)ing  that  this  process 
adds  to  the  precipitate  to  be  redispersed  the  ions  which  produce 
the  charge  on  the  i)articles.  In  line  with  Duclaux's  suggestion 
i-  Hardy's  discovery  tiiat  the  ciiargc  posses.sed  by  globulin 
|)aiticles  depended  on  whether  the  medium  was  acidic  or  basic. 
.As  anotlier  instance  of  some  clicmica!  action,  the  wiiter" 
(p.  142)  lias  given  evidenci.'  to  show  that  tiie  chaige  pos- 
scs>eil  !))•  the  metallic  particles  of  the  Hredig  electrically  pre- 
pared solutions  is  due  to  a  diemical  reaction  between  t!ie 
medium  and  the  metal  followed  I)\' dissociation. 


11.    Till'  C  \r--i.  ( II    rill   Sixmii  \\  1  m   (.'(u.i.i  ui '\i,  .^mi  iii  i\>~ 
l'ra'li<  all)-  e\rr)'  (iiie  \\  ho  has  .itliinplfd  to  .k  c  diiiil  lur  tin- 

s\sl(ins.      'i  he    distinctions   r.nsrd   are   as   to   tiie   relations   dl 
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the  twu  phases:  (i)  tlie  piirclv'  physical  theory  loiiksupoii  the 
sols  merely  as  suspensions  of  fine  particles,  each  one  of  which 
is  self-contaiiu-fl  ;  2)  Quincke's  theory  assumes  that  the 
system  of  particles  in  the  liciuid  medium  constitutes  a  foam- 
like structure,  the  surroun(lin;4  liciuiil  beinj;  a  true  solution  of 
a  very  sli^dit  amount  of  the  disperse  phase  in  the  pure  sol- 
\etit,  while  the  walls  of  the  structure  are  solutions  of  a  small 
(juantity  of  the  liquid  in  the  solid.  The  latter  is  [)ractically 
the  view  of  Van  Hemmelen  as  ^iven  by  the  adsorjition 
compounds.  In  any  case,  the  forces  which  determine  the  sta- 
bilit)'  of  the  sol,  i.e.  which  keep  the  disperse  phase  fiom  |)!eci- 
pitatini,' in  response  to  L^ravity,  are  in  the  main:  Cij  surface 
tension,  (3)  electrical  repulsions,  and  (3)  the  l^rownian  mcjve- 
inents  ;  to  these  IJuclaux  has  added  the  force  flue  to  osmotic 
pressure.''' 

Up  to  the  present,  attempts  to  account  for  the  stability  of 
botli  suspensoids  ;incl  emulsoids  by  the  same  t!it;or\- have  been 
so  unsuccessful  that  we  are  driven  to  dividi;  them,  as  suggested 
by  Woudstra -"  :  "When  we  picture  to  ourselves  the  sols  as 
structures  of  two  phases  with  \  ery  great  areas  of  contact,  there 
are  two  possibilities:  the  surface  of  contact  of  the  two  pha.ses 
is  coiitiiuious  or  it  is  not.  In  the  first  case  we  might  imagii.e  the 
sol  as  a  honeycomb  scaffolding  of  water  dissolved  in  the  colloid, 
surnninded  by  an  acpieous  solution  of  the  colloid.il  material. 
In  the  second  case,  the  so!  consists  of  a  number  of  discrete 
l)articleM)f  the  colloid  which,  under  certain  influences,  ;ire  able 
to  defy  gr.ivity  and  remain  divided  1  the  water  which  forms 
the  medium.  .  .  .  To  the  first  group  belong  gelatine,  albumen, 
egg-albumen,  silicic  acid,  etc.,  i.e.  emulsoiils  in  general  ;  to  the 
second  group  suspensoids  ,  met.il  sols,  sulphide  sols,  h_\-dro\i(le 
sols,  etc."  .\s  has  already  been  pointed  out,  these  two  groups 
dilier  in  two  p.uticulars  which  have  an  excee<lingl\-  important 
bearing  on  their  stabilit\-.  First,  tho.se  of  the  onuilsoid  group 
move  little,  il  .ui)-,  in  an  i-lectric  field,  i.e.  ihe  paiticles 
show  little  il  ,niy  ch:irge  and,  secnndly.  probal)i_v  as  a  result 
III    'In.  1, Ilk    .p|  I  h.nge,  the  i-   collnicU   aic   inn(  h    les    M'ir,iti\i' 
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then,    we    ina)'   .issiune   that    the   .ill-impnrtant 
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factor  in  the  stability  of  emulsoids  is  the  surface  tension  be- 
tween the  two  continuous  [)hases  of  the  sol. 

On  the  other  hand,  we  have  in  the  cise  of  tlie  suspcnsoids, 
in  addition  to  surface  tension,  the  electrical  forces  due  to  the 
char^^e.  The  potential  ener^'y  due  to  surface  tensi(Mi,  T, 
possessed  by  an  area,  A,  is  T  x  A,  and,  since  the  coalescence 
of  particles  will  reduce  the  total  surface  area,  in  order  to 
have  the  surface  eneri;y  due  to  this  cause  a  minimum,  small 
particles  will  tend  to  coalesce  into  larger  ones.  At  the  same 
time,  if  each  particle  bears  a  definite  char^'e,  the  coales- 
cence of  such  particles  will  brini;  about  an  increase  in  the 
l)()tential  eneri^y  due  to  the  chart,a^  K(]uilibrium  will  result 
when  these  two  effects  just  counterbalance.  That  is,  the  total 
potential  encrt,'y  of  the  particles  will  be  the  sum  of  all  such 
cpiantities  as  : — 

T  X  A  +  \  M  .  V,  [or  T  x  A  +   \  VJ  C,  or  T  x  A  +   \  C\'-] 

where  1"  rejnesents  the  surface  ten.^ion  between  the  particle  and 
the  liquid,  \',  the  potential  difference  between  the  particle  and 
the  liquid,  and  A,  C,  and  K  respectivel\-  the  area,  ca[)acity,  and 
tlie  charge  of  each  particle,  in  the  case  of  spherical,  conduct- 
ing particles  bearing  charges  of  a  certain  definite  size  and  sur- 
rounded by  an  outer  layer  of  ions  of  an  opposite  charge,  the 
capacity  of  a  single  [larticle  will  be  (p.  130) 

C  -  K  .  ;•  ■  >f, 

where  /-  is  the  radius  of  the  solid  core  of  the  particle, 

(/  is  the  average  distance  between  the  surface  of  the  core 
and  the  outer  layer, 
and  K  is  the  dielectric  constant  of  the  medium. 
The  coalescence  of  two  sucli  i)articles   reduces  tlie  capacity  of 
the  two  and  therefo'-c  increa.ses  the  potential  energy   due  to 
the  charges  on  ll-.e  particles. 

We  may  sa)'  then  that  the  charges  on  the  separate  particles 
keep  them  separated  while  the  forces  of  surface  tension,  if  left 
(i)  llu-mselves,  would  cause  coalescence  and  consequent  < dagu- 
!  ;!i:..:-.  A-,  -.-.■r::  h'..'!!!  fp.e  three  furn's  nf  the  ccniatidii  lor  the 
potent i.d   energy  .ibove,  an>  thing   which  lessen-,  the  value  of 
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\'  when  C  is  uiichaiiLjefl,  will  decrease  the  potential  energ_\- anr! 
consequently  weaken  the  force  opposed  to  surface  tension. 
When  [)ossib]e  this  will  take  place  and  consecjuentl)-  tlie  sol 
will  tend  to  coai^ulate  wiien  V  is  decreased. 

So  far  there  is  fair  aj^reement  in  the  views  of  various 
workers  ;  a  i;reat  deal  of  discussion  has  taken  place  on  the 
question  as  to  how  the  particles  really  become  charj^ed.  On 
account  of  the  similarities  between  colloidal  ;.nd  electroendos- 
mose  experiments,  the  early  workers  accounted  for  the  mobil- 
it_\-  of  the  particles  in  an  electric  field  by  sayiiii;  that  there  is 
a  contact  difference  of  potential  between  the  particle  and  the 
li(iuid.  In  \iew  of  our  lack  of  knowledge  of  what  contact 
rliflerencc  of  potential  really  means,  sucli  a  statement  is  hard!}' 
an  ex[)lanation  of  how  the  chr..ging  comes  about.  Particles 
were  known  to  become  either  positive!}'  or  negative!)'  charged, 
and  e.xamination  of  various  results  led  Coehn  -'  to  formulate  the 
following  em[)irical  law:  "A  substance  of  higher  dielectric 
constant  charges  itself  positive!)' when  it  cf)ines  in  contact  with 
a  substance  ofsmaller  dielectric  constant  ".  Later  He)'dweiler  •^-' 
showed  that  this  law  did  ncjt  hold  in  the  cases  of  metals  and 
htjuids. 

Since  the  work  of  Perrin,-''  there  is  no  doubt  that  tlie  pro- 
cess is  due  to  electrolytic  ions,  l-^arly  workers  (e.g.  Bredig"') 
adopted  the  principle  enunciated  by  Nernst,-''^  viz.  that  every 
ion  possessed  a  specific  solution  pressure  in  any  given  li<]uid, 
and  conceived  tlie  complete  colloidal  unit  to  consist  of  a  solid 
core  cliarged  !))■  tile  loss  of  certain  positive  or  negative  ions 
which  form  an  outer  layer  about  tliis  core:  this  is  the  double 
la\ei-  proposed  In-  Quincke-''  and  Helmholtz.-''  'Hie  jirincipa! 
ditterences  e.\[)ressed  in  the  views  of  later  writers  liave  been 
mere!)'  regarding  the  nature  of  tliis  dissociation.  Billiter-^ 
sugge.-.ted  tliat  t!ic  colloidal  particle,  e.g.  silver,  dissolves  in 
accordance  with  N'ernst's  law,  but  onl\-  in  the  forin  of  positive 
ions;  conse(|uenli\-  tiie  core  left  is  negalivel)'  charged.  Thus 
an  eleitrical  double  l.iyer  is  firmed  on  the  Nuvface  of  tlu; 
<cilloid;il  p.utiile,  till-  outer  kiyir  positive,  the  inner  la\ci- 
ucg, iii\e.  i  !u-  \\ril<-r,  on  liie  otiiei  iiaiid,  iias  suhmitled 
ividnue    to    sliow    tli.il    the  di-.-,,  ,eiat  ion    ii!    the  ci.ses  of  tli 
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Bredi^  metal  sols  is  really  that  nf  a  layer  of  hydroxide  or 
hydride  on  the  surface  of  the  metal  [)articles  ,[■>.  i  38).  1  'uclaux' 
believes  that  the  charge  always  arises  from  the  dissociatioii 
of  a  portion  of  extraneous  substance  retained  by  the  particles 
from  the  reacting  media  ;  for  exainole.  lie  has  shown  that  in 
the  colloidal  particles  of  ferric  hydroxide,  there  is  always  re- 
tained a  small  trace  of  ferric  chloride,  which  was  used  'v  the 
production  of  the  sol.  tie  pictures  the  colloidal  jjarticle  thus  : 
an  inner  solid  core  of  ferric  oxide,  surrounded  by  a  layer  of 
ferric  chloride ;  this  latter  layer  dissociates,  in  the  Nernst 
manner,  leaving  an  excess  of  positive  iron  ions  on  the  solid 
core  and,  as  an  outer  layer,  an  atmosphere  of  negative 
chloride  ions. 

As  a  conclusion,  in  the  present  state  of  our  knowledge  of 
these  solutions  we  may  make  the  statement  that  the  exist- 
ence of  the  colloidal  particle  is  fundamentally  due  to  an  equili- 
brium maintained  between  the  forces  of  surface  tension  and 
the  repulsion  due  to  the  electrical  charges.  In  a  stable  colloid, 
settling  to  the  bottom  of  ^he  vessel  in  obedience  to  gravit)- 
is  prevented,  in  the  case  of  sufficiently  small  particles,  b)-  the 
molecular  shocks  which  give  rise  to  the  Brownian  movement. 

III.   TllK  X.Vri'RK  OI'TIIK  Co.\(ifL.\TI()N  OK  SlsrKNS)!!  iS. 

In  an)'  view  that  is  taken  of  the  process  involvefl  in  coag- 
ulation the  following  experimental  results  have  to  be  kept  in 
mind  : — 

1.  In  coagulation  b}-  added  electrol)tes,  onl\-  the  ion  which 
bears  a  charge  of  sign  o[)])osite  to  that  on  the  colloidal 
l)article  is  involved.  For  example,  the  discharging  action  <if 
the  \arious  negative  ions  on  copper  colloidal  particles  (Hredig 
sols)  seems  to  be  entirel)'  independent  of  the  vaienc\-  of  the 
positive  ions  with  which  they  are  associated  (p.   153  ct  sci/.;. 

2.  .\  portion  (jf  the  electrolyte  producing  the  coagulation 
is  alwa\s  carried  down  b)'  the  coagulum. 

3.  .\s  a  general  rule,  the  loagulating  powi_'r  of  icius  depends 
soK'K'  on  their  valency;  except  in  odd  ca  r,  -.bowing  .ino- 
ni.iioii'^  aij-^oipiion  eiieci,  Liie  i  .iiiuli -i'lLion-^-^t  iiui/L  i,i\\  iioiii-. 
lairlv  well. 
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4.  Whether  .1  j^iven  aipouiit  of  salt  sohitioii  will  coat^iilatc 
a  ,L;i\eM  sample  c if  colloid  or  not  depeiuls  on  tlie  rate  at  which 
tlie  ^alt  is  added  and  the  suliseiiiient  treatment  as  to  heatiiii;, 
sliakiiiLj,  etc. 

;.  loat^ulatioii  is  a  process  re<iiiiriiif:;  time;  after  the  addi- 
tion of  the  electrols'te,  there  is  an  initial  perioil  diiriuL;  whicli  no 
appreciable  effect  take^  place.  This  imti.il  period  may  \,iry 
from  a  few  seconds  to  days. 

fi.  .VccordiiiL;  t')  I'aiiie'  the  relation  between  the  rate  of 
coa;j;iilation  and  the  concentiation  of  tlie  colloid  sliows  lliat  the 
coaL;ulati\'e  'proco-.  follow--  the  law  of  mas>  action.,  and  indicates 
that  co,i;;nlatioii  i-.  broni;ht  ahont  directly  by  the  nuitual  attrac- 
tion of  the  particles. 

I'rom  these  oxi)erimental  data  we  si  ■  that  the  dominatini; 
(actor  .11  brinL;ini;  about  coaijiilation  ot  tia-  dispeisoids  is  un- 
doubtedly tlie  neiitr.ili/atioii  of  the  c!i.iri;e  |)osse>st-d  by  the 
particle.  This  ma\'  concei\a!)ly  be  done  by  --o  alteriiiL;  tlie 
properties  of  the  liipiiil  medium  it--elf  that  the  dissociation 
piodiiciii;.;  the  electric  double  l,i)cr  is  les^er.e  '  ;  this  would  biin;_; 
about  at  lea-^t  a  p.iitial  recombination  ot  the  t\\o  ciiari^cd 
l.iyer--.  ilowever,  in  nn'st  case--  the  e.si)erimental  results 
|ioiiit  til  AW  ab--oi]iti(>n  by  the  particle  of  ions  be.iring  a  cliari.;e 
oppii  ite  ti  I  that  '  i|  the  p.iiticle. 

liilliter  ~  suppii-ed  that  the  mobilitv  of  a  colloidal  paiticle 
in  .111  eleitiii  field  was  due  to  the  f,n  t  that,  under  tlie  iiitluence 
ot' the  electric  tirld,  ions  dilTusc  oif  the  outside  ol  the  double 
la\cr  into  the  siii  1  oundiiiL;  medinni  .11  id  lea\  e  the  1  1  illnidal  unit 
with  a  net  i  har.;e  ^imil.u'  to  that  on  the  loie  itself  Ihis 
(iilliiiiiil  |iaiticle  tin  11  mo\cs  siiml.nly  tn  aw  ion.  Hilliler's 
liiilhri  a^siimptimi  Ih.it  till .  net  I  haij;e  is  mm  h  below  the  (  harL;o 
1  III  all  loll  and  thai  <■  0.1  •.', iil.it  ii  m  1  e present  s  .1  i  ondi'i'.s.itii  i||ot  tlliise 
jiaitule.  .ibollt  .111  loll,  does  lint  -eem  to  !)e  :il  a;.;reeliient  with 
the  Judicial  espeiimeiit.il  lesiilts.  .Ne\  el  tiicles.s,  \v  e  ma\  ((in- 
sider, after  Hilliter,  tiiat  .iii>-  luiter  layer  is  a  constantly  dianj;- 

ing  syslcill  I  il  H  111  -  .  \\  ben  ,1  li  ii(i;;ii  1  hi  ti  1  il\  tc  ls  ,idd(  d.  tlj(  U  i  - 
all  ilicre.tse  11 1  the  1  1  iik  1  nti  it  inii  ■  .1  n  ui  .  ,ibi  iiit  tin  p.ii  tu  le  .iiid. 
on  account  ol  ome  aij..oiptujii  elUil,  uhn-i)  ma)  be  due  to 
aurfacc  cuitcciitialioii  uf  merely  strung  cicctrica!  attracti<jii,  a 
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ccit.iiii  number  of  ions  of  chart^c  opposite  in  that  on  tlie  core 
arc  drawn  o'.  to  the  c<jre  itself  and  thus  prociuce  the  discliar^- 
iiiL,""  effect.  I'"rcundiicli  at  one  time  su^t^ested  tliat  the  surfaces 
of  colloidal  ])articles  act  as  semi[)ermeab!e  membranes  witli 
respect  to  ions,  and  that,  in  the  case  of  a  net;atively  cliart^ed 
particle,  tlie  mijj;ratiiin  velocit)'  of  positive  ions  is  accelerated 
on  [)assin,L;  the  outer  layer,  while  tile  velocity  of  nei,'ati\e  ions 
is  reduci-'d  ;   and  coiuersel)'  fi>r  positively  chari^ed  particles. 

The  influence  on  coai^ulation  of  sliakin^'  the  mixture, 
<|uick  addition  uf  the  electrol\te,  etc.,  and  the  existence  of  the 
initial,  apparentU'  i|uie>cent  |ieri(id  (lnrin;_;  coagulation,  lends 
coliim- tci  the  \  iew,  as  expressed  in  W'hetiiain's  theory,'"  that 
the  dischar;;e  of  the  particles  and  cciiisecpient  coalescence, 
de])ends  on  a  chaiye  of  a  certain  si/e  being  brought  up  to  the 
particle. 

It  is  sometimes  objected  that  sucli  a  theory-  caiuiot  be 
applit.'d  tiiexi>lain  peptizatimi.  I  loucvcr,  ther'i  is  no  reason 
uh\'  the  C(>ii\  erse  effect  may  not  take  [ilace  when  the  stabilizing 
iiins.irc'  added  to  the  mnist  coaguluni  to  bi;  ])e[)ti/cd.  An 
analogiius  phcnumi'iion  has  been  recorded  by  the  writer: 
ixceedingly  si!,;ill  duses  of  aliuninium  sulphate  added  to  a 
Hredig  silver  s(d  pruduces  co.igulation  ;  if  to  a  scries  of 
sinn'lar  samples  nf  the  sol  increasingly  large  anmunts  cit  the 
sulpiiate  are  ailded,  it  isfmnid  tlial  tiie  coagulat ive  pout-r  of 
the  s.ill  goes  through  a  m.iximum,  and  tiiat  large  doses  pro- 
duct- ,1  fairly  st.ible  sdl,  in  which,  hi)we\ei-,  tin-  particles  an- 
found  til  have  (hanged  JKim  neg.iti\ely  (  barged  tn  pnsjtiv  clj- 
(liarged,  presumably  from  tlie  adsorbed  aluminiinn  ions. 

(ir.mted  that  tin- paitii  les  are  necessarily  iiis(  liargcd  befure 
1 1 '.c'.ul.itii  111  sets  in,  the  i|ucstiiin  as  tn  hii\\  the  cnalesieiue 
(HI  Ills  still  uMn.iiiis.  1  luce  .'u  tu  e  .igciu  ies  are  at  wmkbefoK- 
the  disi  h,ii;.;i'  h,ts  t.lken  pl.K  c,  \  i/  sin  f.uc  t  eiisii  iii,  Hidwiiiaii 
nil  i\i-ineiit,  and  electrical  repul-iuns  I  lu-  tiist  will  .ilw.i\s 
triid  tn  ( .iiise  decroase  in  tin-  tntal  .uit.uc  by  cn.dt-sc cnce,  the 
111  1 1\\  ni.ii  I  IM' i\  cincnl  will  (  ■  ml  inn.iil\  tend  tn  liiiii;;  tin/  pai- 
I  11  le      lllti  1  1  1  illisli  111,   bill     the  ell  ,  1 1  ii  .il    Im  i  e  .  u  ill    ,ilw  .i\^    tend 

to  pieMiit  the  p,iitn.les  ,ip|iio, idling  one  .inotlui  \eiy  closely. 
Aiiyuuc  who  ha.s  watched  tiic  movement  of  the  particics  cither 
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in  ii(]i'ifls  or  Leases  will  he  stuck  hy  the  fact  that  collisions  do 
not  appear  to  take  place  ;  two  or  three  particles  may  approacli 
one  another,  rotate  about  a  common  centre  for  a  few  moments, 
and  then  break  aw  a)-.  One  is  dri\en  to  the  conclusion  that 
the)'  are  held  apart  b)-  ci,nsi(ierable  fcjrtc,  wliile  they  are 
alwa\-s  knocked  iielter-skelter  by  the  molecular  shocks.  Once 
the  electrical  re|)uIsion  is  materiall)'  reduced,  tiic  suiface 
tension   forces  come  into  I'tav  to  cause  coalescence.* 

Two  uni(iue  \iews  of  coaf^ulation  have  recentl)'  been 
bmu^dit  forward  i)  1)_\-  Duclau.K,'''  and  (2)  by  Tolman.''-' 
I'Ol lowing;  out  his  experiments  on  the  osmotic  |)ressure  exerted 
by  the  colloidal  particles  relatively  to  the  dis])ersion  medium, 
the  former  suj^^ests  that  tiie  cua^ulatiii;;  solutions  added  to 
tln'  ciilloid  produce  throuj^hout  the  colloid  regions  of  neL;ati\e 
osmotic  pri.'ssuri',  which  rcijionsact  as  starting"  points  for  ("adu- 
lation. Tolman,  treating  the  colloid  system  as  a  special  case 
of  L^eneral  dispersoid  systems,  comes  tn  the  conclusion  that, 
for  e<iuilibrinm  in  an)'  colloidal  solution,  .dl  the  particles  must 
be  of  the  siune  si/e  ;  in  order  to  hav'c  permanent  stabilit)'  in  a 
dispersoid.  he  tlnd-^  that  the  surf.ue  tension  must  be  zercx 
l'!tiualit)'  it  si/.e  in  an)'  !.;i\en  sample  of  an)-  colloid  hanlly 
aiMces  wnh  the  obser\.'.ilions  uf  Zsi^mondy  and  others  on  the 
si/t'>  of  11,11  til  les. 
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I'KACnCAI.   Al'I'llCATIONS   Ol     nil     STLDV  Ol    C<  )I.1.0I  HAL 
SOI.l 'IIONS. 

Till:  prartic.il  a|)|)lications  of  cdHoidal  >()lutiiins  arc  so  wide- 
spread that  entire  volumes  iiii^Iil  he  devoted  to  siieli  ([uestions 
as  their  relation  to  inanufaeturiuLj  processes,  tiieir  occurrence 
and  economic  value  in  nature,  and  tl'.eir  importance  in  the 
phx-ioloL^)-  of  tile  luiman  hod)-.  We  shall  have  to  conteril 
ourselves  with  merelv  su^^'estin^^'  the  outlines  of  this  phase 
of  the  suhject. 

I'rocesses  essentiall)'  colloitlal  in  their  nature  have  heen 
eniplo)-ed  for  nian\-  _\ears  prior  to  the  development  <]|'  the 
theoretical  interest  in  colloidal  solutions  as  such.  Instances  of 
this  ma)'  In;  found  in  tlie  manufacture  of  soaps,  ruhher,  and 
pajjcr,  and  in  such  processes  as  tlie  e.vtraction  f)f  sui^ar  Irom 
heet-root  '  I'robahl)-  in  no  field  h.is  tile  tiieoretical  treatment  of 
colk)idal  solutions  received  wioer  application  than  in  dvein^ 
and  the  related  iiidustr)-  of  tannini;. 

Modern  accounts  of  the  iinness  of  dveini;  taki-  into 
consider.it.on  the  colloid,il  state  lor  twn  reasons:  ij  tlie 
te.xtile  fibres  to  he  d)ed  are  (ulloidal  in  their  nature,  and 
(2)  many  o(  tlie  d\'i-  solution,  .ire  tiue  iclloid.il  solutions. 
Michaelis,-  l-'ieundlich  and  Neumann, '  and  Hilt./  ,iiid  I'lennin;;  ' 
have  separated  the  dves  into  three  classes  with  ii'L;ard  to  tluir 
colloidal  iialurc  :  vi/.  n  those  in  which  nearl)- .ill  the  sub- 
stance exists  ,is  visible  uhr.imicroiis  and  whi;li  m.i\'  easilv-  he 
--uliii'cted  to  ili.ilvsis,  .>  those  in  which  the  suhstaiiii- exists 
iis  a  nnxtuie  ol  suhmicrons,  ,iiuicron>,  and  pos-^ihlv  molecules 
and  vv  hiili  iiiav'  b''  dial)'si'd  but  onl)'  at  a  vim)-  slow  r.ilc,  ,inil  < .?) 
tho^i-  whi(  I'l  colli. lin  no  visilile  nltraniii  1  oiis  f)iit  whiiji  shovy 
lluoii'si  I  lu  c     .ind    dillu  r     leailil)    tliloUj;li     p.iHMiiicnt    paper. 
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The  action  of  tho  iljes  of  those  various  classes  is  dotei mined 
b)'  tlie  extent  of  tlieir  colloidal  properties.  Many  writers  ha\e 
^fiven  a  colloidal  theor\'  of  the  whole  process  of  d>eing  ;  the 
relation  of  the  electrical  ciiar^je  possessed  by  the  |)artlcle  of  the 
dye  to  tiie  action  has  been  particular!)-  emphasized  b)-  Gee  and 
Harrison,'  and  by  Feilmann,''  while  the  function  of  inordants 
as  a  i)hase  of  colloidal  behaxiour  is  suggested  by  Krafft  '  and 
others.  Wood"  unifies  the  various  conflicting  theories  of  the 
process  of  d)'eing  by  poin,tin_L(  out  that  this  prijcess  is  reall)' 
dual  in  its  nature,  the  two  stages  in  the  process  being  (i) 
absor()tion  of  the  d\'e  !)}■  tiie  fibre  tissue,  and  (2,  the  fixation 
of  tile  (Ke  in  the  fibre.  Ihe  first  stage  is,  in  general,  an 
example  of  the  absniption  phenomena  of  colloids  as  detailed 
by  Van  Hcinmelen,  whereas  the  fixation  may  l)e  [uirely  chemical 
in  some  cises  or,  in  otiiers,  merely  a  precipitation  of  a  colloid 
by  salts. 

Tile  evolution  ot  the  ()hotogra|)hic  [)late  '  serves  as  a  strik- 
ing example  of  the  use  of  gelatine  and  similar  colloids  in  arts 
and  industries.  1  n  the  e\  er\-da\-  operations  in\  ()1\  eil  in  baking, 
distilling,  .and  <lairying,  colloidal  solutions  are  alwavs  occur- 
ring, and  man\-  of  the  reactions  are  regulated  b)-  the  laws 
of  these  solutions. 

it  is  |)robable  that  no  uiie  substance  isof  more  interest  from 
its  colloidal  nature  tiian  common  (lay.  In  tlie  m.imifactuies 
of  cement  and  poicelain,  in  tlie  purification  of  efiUient  waters, 
and  in  tlie  treatment  of  \arious  soils,  tlie  (ulloidal  properMes 
of  cla\'  are  of  the  first  importance. 

(lay  is  defined  as  tiie  mineral  part  of  tiie  soli  and  con- 
sists m.iinly  of  rock  material  divided  into  particles  less  tiiaii 
i)(X)j  nun.  in  diameter  1\  ussel '"  ;  pure  clay  consists  ot  "  com- 
plex silicate^  containing  much  iron  and  almnina,"  \\  hili' clay 
as  it  is  used  in  tlie  manufacture*!  and  as  it  exists  in  fertih  sdjls 
will  iie  mixed  witi'  varying  proportions  o(  calcium  carbonate 
and  piiospii.ite,  organic  matter,  sui'  w.itcr  confainin!'  c.irboii 
dioxide  in  sclution,  and  residues  of  |)l, nits 

I'lu-  setting  of  cement  is  now  tliougiit  to  l)e  due  to  tile  slow 
coagulation  of  tiie  iudroxides  1  !  silicon,  ahiniininiii.  .-luc!  irnii 
,uid  llu-  .11 1  Ion  ol  tlic  .d)siii  bi  d  i  ai  lion  dioxide  in  loinu'ii!'  after  a 
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time  liardciicd  calcium  carbonate.  The  adm'xtiirc  of  ^navcl 
to  forin  concrete  jirovides  nuclei  about  wliicli  the  coa;4ulatinn 
takes  place.  The  jilastirit)' of  tile  clay,  so  important  in  porce- 
lain manufacture,  is  explained  b_\-  the  fact  that  the  clay  in  the 
air-dried  stalt.'  ciHilains  substances  whicli  dissolve  in  uatiT 
in  the  culloidal  ,tate.  In  common  with  many  other  col- 
loids, cla\-  in  >uspcn-^ion  has  ^reat  absorpti\-e  power,  m  it  mil)- 
for  various  ions  in  solution  but  also  for  man_\-  other  substances 
both  in  the  cryslalloid.il  and  colloitial  states.  In  the  coai^u- 
lation  of  clay  solutions,  the  coa;4ulum  will  carry  down  tlie 
various  absorbed  substances.  Since  cla)-s  absorb  and  retain 
substances  such  as  "oils,  fats,  concentrated  soap  solutions,  stan  h 
de.Ktrine,  maltose,  L;lycerine,  plant  and  animal  albumin,  casein, 
inor_L;anic  dyes  such  as  I'russian  lihie  and  Turnbull's  blue,  ail 
coal-tar  d\es  .  .  .,  animal  colouring  matters  such  as  carmine, 
the  colouriuL,'  matter  of  the  blood,  tiie  yellowish-broun 
colouring;  matter  i^i  urine,  hecal  matter,  further,  all  b.id 
odours,  certain  hydrocarbons,  and  kinds  of  ions-  they  are 
suit.ibie  for  clearini;,  decolouri/.in;^,  and  purifyini^  the  efthient 
waters  of  faclorie-.  and  works,  which  contain  substances  in  the 
Colloidal  state,  and  many  colourin^^  matters,  those  of  the  carbo- 
hydrate indu-.tries,  starch  and  dextrine,  dw-ini.,',  tannini;,  soap- 
boilinj^,  p,ii)er  .iinl  sUL;ar  works,  breweries  and  distilleries,  and 
tinall)'  town  sew,i;4e  "  "  .Such  a  coa^'ulation  is  of  daily  occur- 
rence in  the  formation  of  deltas  at  river  mouths  ;  on  mcetin;.; 
the  salt  water  of  the  ocean  the  sill  of  the  river  w.iler  is  coaiju- 
l.ited  (|uickl_\'. 

i'hc  '.;reatest  'coiioniic  importance  of  clay  is  as  an  essenli.il 
element  of  a  ^Miod  .iijricultural  soil  ;  its  importance  is  not  so 
much  on  .iccount  of  its  chemical  compo-^itiori  as  it  i-,  due  to  the 
colloidal  nature  of  the  cla>',  "  It  is  a  mistake  to  suppose  that 
the  medium  on  which  the  soil  or^,',inisnis  live  and  uhiih  i->  in 
contact  with  the  plant  ro<its,  i-,  the  inert  mineral  matter  that 
forms  thi'  buik  of  tiie -.oil.  liistL-,id  the  medium  i^  the  colloidal 
com|i!e.x  of  orL;,inic  and  iiiorL;,tnic  compounds,  usually  moie  or 

less  saturated  with  water,  th.it  envelops  the  nnneral   p.irticles  ; 

.1         ,   .        i-        -   ■      .-11       ...  I 
it    1-.    iiii-uitiiL    .iii.iioj^.  Jiis    ;■.   tnc  j'.iai.'-'    ■■•'    riiarie;;;   .i^''>.    '■;  e: : 

b)   bacteriologists,  while  the  minei.il  p.irticles   serve   m.iinl)   to 
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supiJort  the  mcilium  and  control  the  supply  of  air  and  water 
and,  to  some  extent,  the  temperature."  '-  The  s^reat  absorjitive 
power  of  these  surface  colloids  in  the  soil  suffices  to  retain  near 
t  >urface  practically  the  wiole  of  any  food  added  to  the  soil  ; 
this  results  in  time  in  the  development  of  a  rich  humus  at  the 
surface.  Whatever  the  view  taken  of  the  necessary  com- 
position of  the  soil  coUoifls/''  there  is  unanimity  in  ascribing 
to  the  colloids  the  essential  actions  of  a  i,'ood  soil  :  for  example, 
tiie  formation  of  compound  fine  jiarticles  in  the  humus,  the 
absorption  of  soluble  manures,  the  n.-tention  of  w.iter,  the 
ascent  of  water  from  i^reat  depths  ,  Linde  "  ,  the  swelling  of 
the  soils  when  wet  and  the  contraction  when  dry,  are  probabl>- 
all  essentiall>-  colloidal  phenomena. 

The  extensive  interest  develoijed  recently  in  colloid.il  solu- 
tions has  had  important  bearing  on  the  study  of  physiology. 
Advances  have  been  marked  in  two  directions  :  ( i )  the  increased 
power  of  observation  afforded  by  the  ultramicroscope,  and  (2) 
the  extu^nded  studs- ()f  th  J  body  fluids  as  colloids,  I'nder  the 
first  heatling,  we  may  draw  attention  to  the  new  bacteria  first 
identified  l)y  the  use  of  the  ultramicroscope,  such  as  those 
relating  to  yellow  fever,  foot  and  mouth  disease,  certain  forms 
ot  cholera,  xnd  tobacco  disease  ;  again,  Raehlmann's  ultramicro- 
scopic  stuily '■' of  bl(x>d  and  urine  ha.s  confirmed  our  know- 
ledge of  these  fiuitls  under  various  conditions,  e,g,  he  identi- 
fied particles  of  albumen  in  theurineof  nephritic  patients.  In 
the  second  place,  studies  of  such  i)roblems  as  the  change  in  the 
vi-  osity  of  the  body  lluids  under  clianging  circumstances,'^ 
tiie  influence  of  salts  on  the  properties  and  action  of  the  blood,'" 
and  the  laws  regulating  the  permeability  of  cell  walls  for  salts 
and  colloi<is  in  the  iuiman  bod>-,  are  bound  to  advance  both  our 
knowledge  of  the  action  of  the  normal  body  and  our  i)ower  of 
treatment  of  abnormal  conditions. 

In  all  these  phases  of  the  practical  applications  of  the  work 
on  colloidal  suhitions  we  see  what  a  vast  unexplored  region  is 
still  before  Us, 

In  sjjite  of  the  immense  amount  ol  wc^rk  that  has  been 
-i,,,,"  d'.sri'U'  th.e  l;ist  fifteen  voars.  it  is  (uiiti!  apparent  that,  both 
from  a  theoretical  and  a   practical   point  of  view,   there  still  is 
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need  for  much  additional  research  before  one  would  be  able  to 
suggest,  with  any  degree  of  satisfaction,  a  general  theory  of  the 
colloidal  state.  We  may  very  well  conclude  with  the  words 
used  by  the  pioneer  worker  Zsigmondy,"  in  closing  his  first 
account  of  the  early  work  on  colloidal  solutions  :  — 

"  From  the  foregoing  outline  no  general  theory  of  colloids 
can  be  given,  for  the  study  of  colloids  has  become  a  great  and 
extensive  science,  in  the  development  of  which  many  must 
assist ;  only  when  the  voluminous  material  supplied  by  much 
physico-chemical  research  has  been  properly  systematized,  will 
the  theory  of  colloidal  solutions  be  raised  from  mere  considera- 
tion of  the  similarities  in  special  cases  to  the  standing  of  an 
exact  science." 
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